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Pictured Rocks National Lakeshore is among the most popular parks in Michigan,
yet prior to this study, it was the only National Park that lacked a detailed surficial geology
map characterizing the distribution of sediments and landforms. Additionally, much of the
landscape remained unexplored. These factors prevented thorough interpretations of
landscape development and evolution. This research aims to map and further explore the
relationship of glacial sediments and landforms throughout Pictured Rocks to refine and
expand the current understanding of glacial events that shaped this landscape.
A new, detailed (1:24,000-scale) surficial geology map of the ten 7.5-minute
quadrangles that contain Pictured Rocks was developed as part of this study. Sediments
were classified below the surface soil horizons throughout the mapped area. Additionally,
the horizontal-to-vertical spectral ratio (HVSR) passive seismic method was employed
throughout the greater Pictured Rocks region to estimate glacial sediment thickness and
subsurface bedrock topography. Optically Stimulated Luminescence (OSL) dating was
performed on two samples chosen from specific landforms of interest to help develop a
chronological framework for this region. However, insufficient sediment bleaching yielded
ambiguous OSL results. Field investigations were combined with several additional, preexisting datasets to produce the final surficial geology map of the Pictured Rocks area.

Mapping reveals notable regional differences in sediment and landform distribution.
The western portion of Pictured Rocks consists of subtle subglacial and ice-marginal
landforms that appear to have been segmented by subsequent proglacial outwash
deposition. These features are largely underlain by undifferentiated thin sediment
accumulations above shallow bedrock. The east displays thicker accumulations of
glaciofluvial sediments consisting of various outwash units. Collectively, the surficial
geology in the west and east areas of Pictured Rocks create a landform suite that is
characteristic of actively receding glaciers in temperate climate conditions. Several buried
bedrock valleys were also discovered and/or confirmed throughout the study area, which
are interpreted as southern extensions of the glacial tunnel valley network carved into the
floor of the Lake Superior basin north of Pictured Rocks. Sediments deposited during the
final stages of deglaciation buried the southernmost segments of many of these valleys.
The surficial geology map and subsurface findings serve as primary resources to
guide landform interpretations throughout the study area. These interpretations are
integrated into a newly-proposed reconstruction of glacial events that occurred from the
late Pleistocene through final deglaciation of the Pictured Rocks region during the early
Holocene. This research has revealed greater detail of sediment-landform assemblages and
the subsurface bedrock topography, which has led to a more comprehensive analysis of the
glacial processes that shaped the Pictured Rocks landscape.
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CHAPTER 1
INTRODUCTION
Pictured Rocks National Lakeshore (Pictured Rocks or the park) consists of a 69 km
(43 mi) stretch of coastline along the southern shore of Lake Superior in the Upper
Peninsula (UP) of Michigan (Figure 1-1). The park encompasses almost 300 km2
(approximately 114 mi2) between the towns of Munising and Grand Marais in Alger County
(Figure 1-2 and 1-3). The northern park boundary extends approximately 0.40 km (0.25
mi) into Lake Superior, and the vast majority of Pictured Rocks is included within ten 7.5minute quadrangles (Figure 1-3). The northern park area adjacent to Lake Superior is
designated as National Park land (Figure 1-3) and covers 137 km2 (53 mi2). The southern
159 km2 (61 mi2) park area comprises a buffer zone (Figure 1-3), of which parcels are
controlled by the National Park Service (NPS), the State of Michigan, or private landowners.
Logging and development is strictly controlled in the buffer zone.
Colorfully stained sandstone bedrock cliffs along the Lake Superior shoreline
average 30 m (approximately 100 ft) above lake level and characterize the park in the west
(Indian Town to Grand Portal Point quadrangles). Beaches and dunes dominate the park
shoreline in the east (Trappers Lake to Grand Marais quadrangles). The Grand Sable Dunes
are a perched dune system that rise almost 122 m (400 ft) above the Lake Superior water
level near Grand Marais. Pictured Rocks earns its name from colorful mineral oxides
(mainly iron, copper, and manganese oxides) staining the sides of the sandstone cliffs.
These mineral oxides precipitate from groundwater discharging from the sandstone
bedrock cliffs.
1

2
Figure 1-1. Regional location map. Pictured Rocks National Lakeshore is positioned along the southern shore of Lake Superior in the
Upper Peninsula (UP) of Michigan.

3
Figure 1-2. Notable geographic references in the Upper Peninsula (UP) of Michigan. The approximate locations of the Cambro-Ordovician
and Silurian (Niagara) cuestas in the UP are labeled.

4
Figure 1-3. Names and locations of the 7.5-minute quadrangles mapped in this study.

Statement of the Problem
Quaternary sediments and landforms throughout Pictured Rocks record a unique
expression of complex surficial processes from the last ice age and subsequent post-glacial
period. Prior to this study, Pictured Rocks remained the only U.S. National Park lacking a
detailed (1:24,000-scale) surficial geology map displaying the distribution of sediments
and landforms. Past interpretations concerning several prominent features throughout this
region disagree about landform origin and development. Additionally, much of the
landscape remained unexplored. This has prevented thorough interpretations of landscape
development and evolution.

Study Purpose and Significance
This research aims to refine and expand the current interpretation of the history of
glacial events that sculpted the Pictured Rocks landscape by further exploring the
relationship of glacial sediments and landforms throughout this region. This study provides
a new, detailed (1:24,000-scale) surficial geology map along with associated subsurface
and chronology data of the Pictured Rocks area to improve the understanding of the glacial
origin and geomorphic evolution of this landscape. The new surficial geology map includes
the ten 7.5-minute quadrangles that contain Pictured Rocks (Figure 1-3): Indian Town,
Melstrand, Wood Island SE, Grand Portal Point, Trappers Lake, Au Sable Point SW, Au Sable
Point SE, Au Sable Point, Grand Sable Lake, and Grand Marais. Newly acquired geophysical
data supplements the sparse subsurface information previously available throughout the
park, and Optically Stimulated Luminescence (OSL) dating was performed to help develop
a chronological framework for this region.
5

Surficial geology represents the interface between the natural environment and
civilization. Characterizing and understanding the surficial geology of an area provides
essential information to establish the appropriate balance between sustainability and
societal progress. New insights gained during this study can be used in several local
applications towards maintenance and development strategies, aquifer delineation and
protection, resource exploration, and defining geologic hazards. Additionally,
reconstructing the glacial and post-glacial events of this area can enhance the
understanding of current glacier-climate conditions and environmental responses to
climate change. Mapping sediment-landform assemblages is the first crucial step to
interpret past events to work to improve understanding of current geological and
environmental circumstances.

Park History
Residents of the central-eastern UP had proposed a park in the Pictured Rocks area
since 1923 with the intent to promote economic development through hunting and fishing
attractions (Karamanski, 1995). The federal government began promoting travel and
recreation around the Great Lakes states during the late 1950s and identified the Pictured
Rocks area as a prime location best suited for a proposed 100,000-acre (approximately 400
km2 or 150 mi2) park. Most Munising and Grand Marais residents were receptive to the
plan, since it was thought that the park would likely increase visitors to those towns,
thereby promoting economic growth. However, several logging companies opposed the
park proposal because much of the logging properties would be included within the
proposed park boundary (Blewett, 2012). This opposition was resolved by creating the
6

buffer zone within the park, where logging and other development would still be
permitted, though under strict regulations. The National Park Service would have exclusive
control of a smaller area along the shoreline containing the main, natural attractions
(Karamanski, 1995). Once management and budgetary plan revisions were approved,
Pictured Rocks National Lakeshore was established as the first U.S. National Lakeshore on
October 15, 1966.

Geologic Setting
Bedrock in the Pictured Rocks region predominantly consists of various sandstone
units ranging in age from late Precambrian to Early Ordovician (approximately 1.1 Ga to
470 Ma; Blewett, 2012). Quaternary sediments cover the bedrock and are locally younger
than approximately 13 ka (e.g. Blewett et al., 2014). These sediments were deposited by
the Laurentide Ice Sheet (LIS) and modern coastal and/or soil development processes. The
Quaternary geology throughout this area is currently categorized as glacial sediments and
landforms dating from the late Pleistocene and early Holocene Epochs, and post-glacial
sediments deposited during the Holocene. The following subsections describe the bedrock
units and the Quaternary geology of the Pictured Rocks region.

Bedrock Geology
Pictured Rocks contains the oldest sedimentary rocks of the Michigan structural
basin. Late Precambrian to early Paleozoic sedimentary rocks gently dip southward toward
the basin center. More resistant rock layers of the Michigan basin form cuestas with steep
escarpment slopes dipping northward (opposite from the gentle southward dip slopes).
7

There are two main cuestas in the UP: the more northerly Cambro-Ordovician cuesta, and
the more southerly Silurian (Niagara) cuesta (Figure 1-2). The exposed, north-facing
sandstone cliffs of Pictured Rocks are part of the steep escarpment slope of the CambroOrdovician cuesta (Figure 1-4; Blewett, 2012).
Bedrock stratigraphy of the Pictured Rocks area (Figure 1-4) consists of three
formations (oldest/lower to youngest/upper): the Jacobsville (late Precambrian), Munising
(Late Cambrian), and Au Train (Early Ordovician; e.g. Hamblin, 1958; Haddox and Dott,
1990; Miller et al., 2006). The Munising Formation consists of three members
(oldest/lower to youngest/upper): the Basal Conglomerate, Chapel Rock (sandstone), and
Miners Castle (sandstone; e.g. Hamblin, 1958; Haddox and Dott, 1990; Miller et al., 2006).
Results of various bedrock studies have led to slight discrepancies in chronology
and nomenclature in the Pictured Rocks area. For clarity and consistency, this study uses
the terminology and chronology described above that was first developed by Hamblin
(1958) and later complemented with work by Haddox and Dott (1990) and Miller et al.
(2006), as these studies provide the most detailed insight into the rocks throughout the
area (Blewett, 2012). Other studies (e.g. Milstein, 1987) have suggested a Middle Cambrian
age for the Munising Formation, and/or reorganize the Au Train Formation into the
lithologically similar Trempealeau Formation (associated with Late Cambrian age) and
Prairie du Chien Group (Ordovician).

Jacobsville Formation
Rocks of the Jacobsville Formation consist mainly of sandstones and shales. This
unit is easily recognized due to the distinctive red color of the rocks, resulting from the
8
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Figure 1-4. Stratigraphic profile (not to scale) of the Cambro-Ordovician cuesta comprising the Pictured Rocks cliffs. Typical cliff slopes,
bedrock unit contacts, and dip angles are approximated.

presence of hematite (iron oxide) from Precambrian iron formations within the Canadian
Shield (Blewett, 2012). Remanent magnetization of the Jacobsville Formation suggests a
late Precambrian age (Roy and Robertson, 1978).
The main facies in the Jacobsville Formation include a lenticular sandstone facies, a
massive sandstone facies, a red siltstone facies, and a conglomerate facies (Hamblin, 1958).
Facies descriptions and subsequent process interpretations indicate a braided stream
depositional environment (Hamblin, 1958). Geographical and sedimentological
relationships led Hamblin (1958) to conclude that these braided streams flowed northward
from the east-west trending Northern Michigan Highlands (current central-western UP)
into a basin located near present-day Lake Superior. Increasing water levels in the basin
resulted in a lacustrine depositional component to the formation, represented as the
massive sandstone facies.

Munising Formation
The Munising Formation constructs the majority of the exposed Pictured Rocks
cliffs. Both evidence of fossil assemblages observed in the Miners Castle Member (Hamblin,
1958) and the widely accepted correlation of the Chapel Rock and Basal Conglomerate
Members to the Wonewoc Formation in Wisconsin indicate that the Munising Formation is
of Late Cambrian age (Driscoll, 1956; Hamblin, 1958; Ostrom and Slaughter, 1967). Locally,
there is a slight westerly dip component within the overall southerly dip direction of the
Munising Formation, unevenly distributing the member exposures along the lakeshore
(Blewett, 2012). This results in the Miners Castle Member being best displayed along the
western cliffs while the Chapel Rock Member is best displayed along the eastern cliffs. The
10

slightly softer Miners Castle Member forms more gently sloping cliffs than the steeper,
more resistant Chapel Rock Member. Garnet is the most notable heavy mineral present in
the Miner’s Castle Member, differing from the dominance of zircon in the Chapel Rock
Member and the older Jacobsville Formation (Blewett, 2012).

Basal Conglomerate Member. The Basal Conglomerate Member can be up to 4 m (13
ft) thick and consists of well-rounded, poorly-sorted, orthoquartzite conglomerate
(Hamblin, 1958). Areas where the lithology contains significant amounts of sand reveal
high-angle and planar cross-bedding. Sedimentary structures and geographical
relationships indicate a depositional environment similar to that of the Jacobsville
Formation. Haddox and Dott (1990) conclude that a braided stream flowed northward into
a basin from the Northern Michigan Highlands.

Chapel Rock Member. The Chapel Rock Member ranges from 12 to 18 m (40 to 60 ft)
in thickness and is characterized by well-sorted, medium-grained, resistant quartzose
sandstone containing large-scale cross-bedding (Hamblin, 1958). The main rock unit
includes a cross-bedded sandstone facies, a horizontally stratified sandstone facies, a
channelized conglomerate/breccia facies, and a laminated mudstone facies (Haddox and
Dott, 1990). The extreme variability in sedimentary structures characterizing each facies
exemplifies the wide range of depositional processes and environments that occurred
during the formation of the Chapel Rock Member. This requires a complex interpretation of
depositional environments, including fluvio-deltaic, aeolian, and near-shore marine
influenced deposition.
11

Miners Castle Member. The Miners Castle Member is the uppermost unit of the
Munising Formation and averages 43 m (140 ft) in thickness. It is characterized by poorlysorted, relatively friable quartzose sandstone with some sections containing higher
percentages of silt and clay (Blewett, 2012). Hamblin (1958) notes that the most abundant
sedimentary structures in the Miners Castle Member include small-scale cross-bedding and
horizontal bedding. Sedimentary structure geometry reveals either a source area from the
northeast (Hamblin, 1958) or continued transgression from a near-shore marine
environment to a shallow-marine shelf (Haddox and Dott, 1990). If the Miners Castle
Member was sourced from an area to the northeast, as Hamblin (1958) suggests, this
would indicate a source shift from the Northern Michigan Highlands following deposition
of the underlying Chapel Rock Member. This scenario would require a significant period of
time to allow substantial erosion and regional tilting between deposition of the Chapel
Rock and Miners Castle Members. However, in the transgression hypothesis of the Miners
Castle Member deposition, as proposed by Haddox and Dott (1990), an extensive period of
time is not necessarily required for a transgressional transition of depositional
environments.

Au Train Formation
The rocks of the Au Train Formation cap the Pictured Rocks cliffs and range from 3
to 9 m (10 to 30 ft) thick. These rocks are mainly composed of dolomitic sandstones
(Blewett, 2012), which suggests a shallow-marine depositional environment. This is
consistent with the widely accepted interpretation of a transgression during the Early
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Ordovician (Miller et al., 2006). Fossil assemblages also indicate Early Ordovician age
(Hamblin, 1958; Guldenzopf, 1967; Miller et al., 2006).
The Au Train Formation is more resistant than the underlying Miners Castle
Member of the Munising Formation. The actual lithologic contact between the Au Train
Formation and the Miners Castle Member is often misinterpreted to be lower than it
actually is (Rosé, 1997; Blewett, 2012), based on the prominent change in slope angle near
the top of the bedrock exposures at the park.

Quaternary Geology
Sediments and landforms in the Pictured Rocks region are predominantly a result of
the most recent (Wisconsin) glaciation of the LIS through the area, though post-glacial
Holocene sedimentation dominates the Lake Superior shoreline east of Grand Portal Point.
Leverett (1911; 1929) and Leverett and Taylor (1915) initiated surficial geology studies in
the UP, providing the foundation to understand the glacial landforms of the Pictured Rocks
area. Technological advances have prompted new approaches to better classify and date
landforms, and this helps to improve our understanding of the previous glacial activity in
this region.
The most recent statewide Quaternary geology map of Michigan (1:500,000-scale;
Farrand, 1982) provides a beneficial regional overview of glacial landform distribution;
however, greater detail is required for more localized study. More recently, Schwenner
(2013) compiled a 1:24,000-scale soil survey of Alger County (in which Pictured Rocks is
located). Soils reflect information concerning the depositional environment of parent
material and the beginnings of soil development. Soil maps are typically more detailed than
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surficial geology maps due to the greater need and investments available for evaluations of
agricultural development potential (Schaetzl and Miller, 2016). Thus, soil maps generally
place greater focus on the upper soil horizons and often lack detailed information
concerning the parent material. This limits adequate interpretations of depositional
environments for the glacially-derived parent sediment.
The soil survey of Alger County (Schwenner, 2013) also includes a 1:185,000-scale
landform map. Although this map provides a more updated delineation of landforms, it is
still lacking the necessary detail required to develop an accurate understanding of glacial
landform development throughout the Pictured Rocks area. The following subsections
introduce the general characteristics of the glacial and post-glacial geology of the Pictured
Rocks region, whereas Chapter 2 provides a more comprehensive, detailed examination of
previous research studies concerning specific glacial landforms of interest. Chapter 2 also
integrates this information within the current understanding of the glacial history of the
northern Michigan region.

Glacial Geology
The LIS margin trended approximately east-west through the UP from
approximately 13 to 10.5 ka (end of the Pleistocene into the early Holocene Epochs),
fluctuating in response to changing climate and glacial conditions. Previous studies have
indicated that the western portion of Pictured Rocks (Indian Town to Grand Portal Point
quadrangles; Figure 1-3) displays different sedimentological characteristics than the east
(Trappers Lake to Grand Marais quadrangles). Hughes (1968) and Schwenner (2013)
indicate that glacial drift in the west is predominantly sandy till, and Blewett (1994) and
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Schwenner (2013) determined that drift is in the east is predominantly composed of
outwash. The Alger County soil survey (Schwenner, 2013) provides a detailed assessment
of surficial materials in the Pictured Rocks area from an agricultural perspective. This
information is useful for a variety of applications, including providing a foundation for
glacial geology studies. However, additional analysis of the glacially derived parent
material is necessary for understanding glacial landform development.
Rieck (1991) mapped the drift thickness of Alger County using well log information
from both water and petroleum wells. This map indicates that drift in the western portion
of Pictured Rocks is thin, often less than 3 m (10 ft), or absent near the shore and is slightly
thicker to the south, rarely reaching 10 m (30 ft; Rieck, 1991; Blewett, 2012). Drift
thickness increases to approximately 30 m (100 ft) in the eastern portion of the park,
except immediately south of Grand Marais where there is a small, high-elevation bedrock
area where drift is significantly thinner (Rieck, 1991).

Munising/Grand Marais Upland. There are two topographically prominent, east-west
trending uplands south of Pictured Rocks in the eastern UP (Figure 1-5). The southernmost
UP upland is termed the Newberry moraine, and the northernmost is the Munising/Grand
Marais upland (Figure 1-5). The Munising/Grand Marais upland roughly parallels the
southern border of Pictured Rocks. Due to its proximity to Pictured Rocks, this study
focuses heavily on the Munising/Grand Marais upland. In the literature, this upland is often
referred to as the Munising moraine, although sedimentological studies have indicated that
it is not a traditional recessional moraine composed of till (e.g. Blewett and Rieck, 1987),
nor does it represent a single landform (e.g. Drexler et al., 1983; Blewett et al., 2014).
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Figure 1-5. Digital elevation model (DEM; 30 m resolution) of the central-eastern UP region displaying the positions of the Newberry
moraine and the Munising/Grand Marais upland.

Instead, it is now interpreted as head of outwash that was previously adjacent to a stagnant
glacial ice margin, and sourced a series of large, southward-grading outwash fans (Blewett
and Rieck, 1987). Despite apparent topographic continuity, this upland likely represents a
composite feature that displays separate outwash fan complexes that formed as a result of
two separate periods of glacial stagnation at approximately the same position (Drexler et
al., 1983; Blewett and Rieck, 1987; Blewett, 1994; 2012; Blewett et al., 2014). The eastern
segment of the upland, as distinguished by the abrupt southern boundary (Figures 1-6 and
1-7), retained the name Munising “moraine” (despite the updated interpretation of
“outwash fans”). Based on proposed correlation to other dated landforms, this segment is
associated with the first glacial stagnation, which occurred approximately 13 ka (e.g.
Blewett et al., 2014). The western segment, which lacks a distinct southern terminus
(Figures 1-6 and 1-7), was termed the Grand Marais “moraine" and is associated with the
second glacial stagnation at this common position, which occurred approximately 11 ka
(e.g. Blewett et al., 2014). Ironically, the Munising “moraine” is positioned south of the town
of Grand Marais, and the Grand Marais “moraine” occurs south of the town of Munising.
These landforms are still referred to in the literature with incorrect glacial connotation as
“moraines” because of the well-established nomenclature. However, this study applies
“upland” or “outwash fan complexes” (or a variation) instead of “moraines” to more
accurately describe these landforms for the remainder of this document, though retains the
established names of “Munising” to define the eastern fans and “Grand Marais” to define the
western fans (despite the reversed geographic references).
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Figure 1-6. Locations of the Munising and Grand Marais outwash fan complexes (comprising the Munising/Grand Marais upland). The
Munising outwash fan complex (south of the town of Grand Marais) is distinguished by its abrupt southern boundary, while the Grand
Marais outwash fan complex (south of the town of Munising) lacks a distinct southern terminus.
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Figure 1-7. DEM (30 m resolution) of the Pictured Rocks region. Notable landforms and geographic references are labeled.

Kame Terraces. A series of large, flat, step-like surfaces that decrease in elevation
toward Lake Superior occur between the crest of the Munising/Grand Marais upland and
Twelvemile beach (Figure 1-7). These features are interpreted as kame terraces that
formed as glacial meltwater flowed eastward, channeled between the retreating ice margin
to the north and the crest of the Munising/Grand Marais upland to the south (Hughes,
1968; Blewett, 1994). Smaller glacial features, such as kettle depressions/lakes, eskers, and
drumlins, have also been identified throughout the Pictured Rocks region (Hughes, 1968;
Blewett and Rieck, 1987; Blewett, 1994).

Tunnel Valleys. North of Pictured Rocks, there is a network of deep, linear troughs
(oriented north-south) carved into the floor of Lake Superior (Figure 1-8). A similar
network occurs in the northern Lake Michigan basin (Figure 1-8). These features are
interpreted as glacial tunnel valleys (Patterson et al., 2003; Regis et al., 2003), which form
near glacial margins as pressurized, subglacial meltwater carves over-deepened troughs
through the substrate as the meltwater exits the glacial system (e.g. Ó Cofaigh, 1996;
Clayton et al., 1999; Hooke and Jennings, 2006; Jørgensen and Sandersen, 2006; Russell et
al., 2007; Munro-Stasiuk et al., 2009; Benn and Evans, 2010; Kehew et al., 2012b). The Lake
Superior tunnel valleys north of Pictured Rocks appear to terminate approximately 15 km
(10 mi) offshore. However, these tunnel valleys may have transported sediment-laden,
subglacial meltwater southward to the LIS margin while it was positioned at the
Munising/Grand Marais upland, depositing sediments and building these extensive
outwash fan complexes (Regis et al., 2003). This hypothesis suggests that these tunnel
valleys terminate farther south than they appear (at the crest of the Munising/Grand
20
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Figure 1-8. Combined bathymetry of Lake Superior and Lake Michigan with a DEM of the UP. Deep, linear, north-south trending troughs in
the eastern portion of Lake Superior and northern portion of Lake Michigan (gray circles) are interpreted as glacial tunnel valleys.

Marais upland rather than offshore), and the southernmost segments of these tunnel
valleys are now buried beneath glacial and post-glacial sediments throughout the Pictured
Rocks region. Regis et al. (2004) hypothesize that Lake Superior tunnel valleys may extend
across the entire UP and connect to the northern Lake Michigan tunnel valleys (Figure 1-8).
Currently, it is undetermined exactly where Lake Superior tunnel valleys terminate and
their potential relationship to subaerial glacial landforms throughout the Pictured Rocks
region.

Post-Glacial Geology
Post-glacial sediments and landforms throughout the Pictured Rocks area formed
during the Holocene Epoch. Many of the post-glacial coastal features formed in association
with Lake Nipissing, a high-water level, post-glacial lake that occupied the Upper Great
Lake basins (Superior, Michigan, and Huron) from approximately 5.5 to 5 ka (Eschman and
Karrow, 1985; Farrand and Drexler, 1985; Hansel et al., 1985; Larsen, 1985; Larson and
Schaetzl, 2001; Kincare and Larson, 2009). Water level rose in response to increasing
outlet elevations due to land surface rebound following deglaciation. The water level of
Lake Nipissing was higher than present lake levels; the Nipissing shoreline along the
Pictured Rocks region occurs approximately 12 m (40 ft) above the modern Lake Superior
level (Blewett, 2012). Present-day Beaver Lake, Little Beaver Lake, and Trappers Lake
began as Lake Nipissing lagoons (Fisher and Whitman, 1999; Blewett, 2012). These lakes
were then isolated from the main basin when bay mouth bars and subsequent beach ridges
developed during times of falling water levels, as controlled by lake outlet erosion
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(Eschman and Karrow, 1985; Farrand and Drexler, 1985; Fisher and Whitman, 1999;
Larson and Schaetzl, 2001; Kincare and Larson, 2009; Blewett, 2012).
Pictured Rocks displays many prominent examples of Holocene coastal processes.
Twelvemile Beach (Figure 1-7) was formed by post-Nipissing longshore drift accumulation.
The Pictured Rocks cliffs display evidence of Holocene wave erosion (e.g. sea caves, sea
arches, rock falls; Blewett, 2012). The Grand Sable Dunes (Figure 1-7) are a perched dune
system topping the Grand Sable Banks, which describes the steep, north-facing slope of two
east-west trending glacial kame terrace west of Grand Marais. The Grand Sable Dunes,
along with Grand Sable Lake and Sable Creek, record a complex history of post-Nipissing
lake level fluctuations and stream piracy (Farrell and Hughes, 1985; Anderton and Loope,
1995; Loope et al., 2004).

Grand Sable Dunes. Study of buried paleosols in the Grand Sable Dunes indicate
episodic dune building initiated by high water levels of Lake Nipissing (Farrell and Hughes,
1985; Anderton and Loope, 1995; Loope et al., 2004). Wave action during high lake levels
destabilizes the bluff of the Grand Sable Banks, freeing fine-grained sediments to be carried
upslope by on-shore winds to form dunes (Farrell and Hughes, 1985; Anderton and Loope,
1995). During periods of low water levels, the Grand Sable Banks are spared from direct
wave action and the bluff is stabilized (Farrell and Hughes, 1985; Anderton and Loope,
1995). Soil development and vegetation growth further stabilize the bluff, before water
levels once again rise and remobilize fine-grained sand (Farrell and Hughes, 1985;
Anderton and Loope, 1995). Successive cycles of regressions (stabilization and paleosol
development) and transgressions (destabilization and dune building) have resulted in the
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Grand Sable Dunes. These events and processes have also affected Grand Sable Lake and
Sable Creek, its outlet into Lake Superior. Loope et al. (2004) propose a complex history of
the relationship between the Grand Sable Dunes, Grand Sable Lake, and Sable Creek:
periods of high water level and active dune building dammed Sable Creek, creating Grand
Sable Lake; Sable Creek was diverted eastward along the kame terraces; periods of low
water stabilized the banks and steepened the groundwater gradient; as a result, Sable
Creek pirated westward back to its original, more direct path to Lake Superior.

Objectives and Research Questions
The overall purpose of this research project is to refine and expand the current
understanding of glacial events that shaped the Pictured Rocks landscape. Several specific
objectives were generated to supplement this purpose, and detailed questions were
addressed. Accomplishing project objectives and answering research questions ultimately
improved the detailed understanding of the sequence of local and regional glacial events
that occurred throughout the Pictured Rocks area.

Objectives
1. Provide a new, detailed (1:24,000-scale) surficial geology map displaying
sediment and landform distributions throughout the ten 7.5-minute quadrangles
of the Pictured Rocks area.
2. Acquire new geophysical data to provide reliable information concerning
subsurface bedrock topography and glacial sediment thickness in the Pictured
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Rocks region, especially to confirm or refute speculation of buried tunnel valleys
in this area.
3. Contribute to the chronological database of the Pictured Rocks region using
Optically Stimulated Luminescence (OSL) dating.

Research Questions
1. Do the Munising and Grand Marais outwash fan complexes display distinct
sedimentological and/or topographic patterns to accurately delineate these
separate landforms, despite neighboring proximity and seemingly similar
characteristics?
2. Are the Munising and Grand Marais outwash fan complexes (or other landforms
observed in the Pictured Rocks area) related to the glacial tunnel valleys
observed north of Pictured Rocks in the eastern Lake Superior basin?
3. Can valid, meaningful OSL dates be obtained on the crests of the Munising and
Grand Marais outwash fan complexes to confirm the chronology of each of these
landforms, as suggested by Blewett et al. (2014)?

The following dissertation chapters describe the details of the approach and
methodologies used to answer these research questions: extensive field mapping
determined sedimentation patterns of deposits in Pictured Rocks, including the Munising
and Grand Marais outwash fans; passive seismic data were used to model the general
bedrock topography underlying the unconsolidated sediments of the Pictured Rocks region
to determine the southern extent of tunnel valleys observed in Lake Superior; and OSL
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dates were collected on the crests of both the Munising and Grand Marais outwash fan
complexes in an attempt to assign absolute chronology to each landform. Together, findings
from these approaches help define previous ice-marginal positions and contribute to the
overall understanding of the glacial landforms and geomorphic history of this region.

Dissertation Structure
Chapter 2 describes the contextual framework of this study through reviewing
previous research completed in the Pictured Rocks area and other relevant locations and
integrates current landform interpretations into a regional understanding of the glacial
history of northern Michigan and the Upper Great Lakes basins (Lake Superior, Lake
Michigan, and Lake Huron). A more comprehensive, detailed examination of specific glacial
landforms of interest builds on the introduction of information presented in Chapter 1. The
various methodologies used in this study to accomplish the objectives and research
questions presented are discussed in Chapter 3. Chapter 4 organizes the mapping, passive
seismic, and OSL results. Findings from this research study are discussed in Chapter 5, and
Chapter 6 presents a more comprehensive glacial history of the Pictured Rocks area.
Chapter 7 summarizes the main conclusions derived from this research project.
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CHAPTER 2
BACKGROUND AND PREVIOUS STUDIES
Wisconsin Glacial Episode
The Quaternary Period, the most recent geological period, began approximately 2.6
Ma. It is subdivided into the Pleistocene Epoch, occurring from 2.6 Ma to approximately
11.7 ka, and the Holocene Epoch, 11.7 ka to present. Approximately 20 glacial stages
occurred during the Pleistocene (Shackleton and Hall, 1984), separated by warmer,
interglacial intervals. Because succeeding glaciations erase most evidence of earlier glacial
episodes, the majority of sediments and landforms in Michigan are a signature of the LIS
during the Wisconsin Episode, the last glacial stage of the LIS. The Wisconsin Glacial
Episode occurred approximately 79 to 10 ka (Larson and Kincare, 2009). The LIS margin
advanced from the north and reached its maximum southern position near central Indiana
(Figure 2-1; e.g. Larson and Kincare, 2009; Kehew et al., 2012a) approximately 24 ka (e.g.
Larson and Kincare, 2009; Caron et al., 2016; Schaetzl et al., 2017). The ice margin then
began its overall retreat northward, interrupted by several readvances.
Numerous glacial geology studies of the different lobes of the LIS throughout the
Great Lakes region (Figure 2-1) have resulted in varying terminologies for regional events
(e.g. Karrow et al., 2000) and is addressed, where applicable, in the following sections.
Radiocarbon dating reveals that glacial sediments and landforms in the UP are mainly a
result of both the Two Rivers glacial phase (approximately 13.6 to 13 ka; e.g. Broecker and
Farrand, 1963; Saarnisto, 1974; Karrow et al., 1975; Kincare and Larson, 2009) of the Lake
Michigan and Saginaw lobes of the LIS, and also the Marquette glacial phase
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Figure 2-1. Maximum southern position of the LIS approximately 24 ka, and approximate position
of major lobes (labeled) showing the LIS margin position approximately 19 ka (adapted from
Kehew et al., 2012a).
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(approximately 11 to 10.5 ka; e.g. Fisher and Whitman, 1999; Derouin et al., 2007; Walters,
2013) of the Lake Michigan, Green Bay, and Superior lobes. Sediments and landforms in the
Pictured Rocks area, specifically, are mainly derived from the Lake Michigan lobe during
these concluding phases of the LIS. The following subsections, therefore, discuss the final
phases of the Lake Michigan lobe for a contextual understanding of regional deglaciation of
the LIS and the subsequent influence on the surficial geology of the Pictured Rocks region.

Two Rivers Phase
During the Two Rivers glacial phase (approximately 13.6 to 13 ka) of the Lake
Michigan and Saginaw lobes, the LIS margin was positioned near present-day Two Rivers,
Wisconsin and extended across the northern portion of the Lower Peninsula of Michigan
(Broecker and Farrand, 1963; Kincare and Larson, 2009). Regionally, this phase is also
referred to in the literature as the Onaway, Greatlakean, or Valders (now obsolete) advance
(e.g. Evenson et al., 1976; Eschman and Mickelson, 1986; Karrow et al., 2000; Schaetzl,
2001; Blewett, 2009). The Two Rivers phase represents the final ice readvance into the
Lower Peninsula of Michigan (Larson and Schaetzl, 2001; Schaetzl, 2001). Glacial sediment
from this advancing Two Rivers ice buried the Two Creeks forest in Wisconsin, which had
grown during the previous ice-free interglacial period called the Two Creeks phase
(Karrow et al., 2000). Then, as the LIS margin retreated northward from the maximum Two
Rivers position, it stagnated at the position of the Newberry moraine in the eastern UP
(Figure 2-2). Here, it constructed this east-west trending upland along its margin (Blewett,
2012; Blewett et al., 2014). The ice margin then continued retreating northward and then
stagnated once again, creating the Munising outwash fan complex (Figure 2-2) adjacent to
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Figure 2-2. Locations of relevant uplands and key geographic references within the UP and Upper Great Lakes region. Approximate
positions of the Cambro-Ordovician and Silurian (Niagara) cuestas are also labeled.

the new margin position (Blewett, 2012; Blewett et al., 2014). The southern flanks of the
Newberry moraine and Munising outwash fans appear to have graded into different phases
(water levels) of Lake Algonquin (Hough, 1958; Futyma, 1981; Blewett, 1994; Blewett et al.,
2014). Radiocarbon dates suggest that this vast proglacial lake inundated much of the
eastern UP at its highest level (Main phase) approximately 13 ka (Saarnisto, 1974; Karrow
et al., 1975; Farrand and Drexler, 1985).

Lake Algonquin
Lake Chicago occupied the Lake Michigan basin during the Two Rivers phase, while
Early Lake Algonquin occupied the Lake Huron basin (Larson and Schaetzl, 2001). When
the LIS margin retreated from its maximum Two Rivers glacial phase position, these lakes
expanded, following the ice margin northward. When the ice margin reached the UP, Lake
Chicago and Early Lake Algonquin coalesced in front of the ice margin into one large,
proglacial lake referred to as Lake Algonquin (Karrow et al., 1975; Larsen, 1987). Lake
Algonquin also continued to expand as the ice margin retreated farther northward,
eventually submerging much of the eastern UP and the northern tip of the Lower Peninsula
(Farrand and Drexler, 1985; Schaetzl et al., 2002; Drzyzga et al., 2012). Early studies
interpret the Main phase (highest water level) of Lake Algonquin to have been 8 m
(approximately 25 ft; Leverett, 1929; Hough, 1958) to 20 m (approximately 65 ft;
Saarnisto, 1974; 1975) higher than the currently-accepted Main phase shoreline in the UP.
Therefore, the Newberry moraine and Munising outwash fans were initially interpreted to
have graded into a lower and younger post-Main Algonquin lake level (Hough, 1958;
Saarnisto, 1974; 1975). Futyma (1981), however, identified the most widespread relict
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shoreline in the eastern UP, and correlates this water plane to the Main phase Algonquin
shoreline that had been identified geographically nearby (in Ontario, Canada). This
information suggests that the Main phase Algonquin water level was lower than previously
interpreted. Schaetzl et al. (2002) and Drzyzga et al. (2012) clarify previous nomenclature
and shoreline elevations associated with the various phases of Lake Algonquin using an
isostatic rebound model based on data from Futyma (1981) and other Great Lakes regional
studies (e.g. Deane, 1950; Larsen, 1994). Conclusions from Schaetzl et al. (2002) and
Drzyzga et al. (2012) best agree with the Algonquin Main phase interpretations from
Futyma (1981). This information, coupled with Lake Algonquin chronology from Saarnisto
(1974) and Karrow et al. (1975), leads to the currently-accepted interpretation that the
Munising outwash fan complex was developing concurrently with the Main Lake Algonquin
phase and, therefore, exhibits the same chronology by association (approximately 13 ka).
Continued ice-margin retreat northward eventually uncovered lower outlets of the Lake
Michigan and Lake Huron basins, allowing water levels to drop to Lake Chippewa and Lake
Stanley, respectively (Hough, 1955; 1958; 1962; Eschman and Karrow, 1985; Hansel et al.,
1985; Larsen, 1987).

Gribben Phase
Following the Two Rivers glacial phase, the LIS margin retreated north of the
present-day Lake Gribben (Figure 2-2) for a sufficient time period to allow localized
forestation in this region (Hack, 1965; Black, 1976; Hughes and Merry, 1978). This period
is termed the Gribben interglacial phase (Clayton and Moran, 1982; Drexler et al., 1983;
Karrow et al., 2000). During the Gribben phase, the ice margin must have been positioned
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north of the Gribben forest; however, it is currently unclear how far north the ice margin
retreated (discussed in the following subsection) before readvancing to this position
during the subsequent Marquette phase. Radiocarbon dates indicate that the Gribben forest
was later buried in glacial sediment from ice readvance during the Marquette glacial phase
approximately 11 ka (Hughes and Merry, 1978; Clayton and Moran, 1982; Drexler et al.,
1983; Lowell et al., 1999; Pregitzer et al., 2000; Derouin et al., 2007). Therefore, reasoning
from established radiocarbon dates from the previous Two Rivers phase and the
subsequent Marquette phase, the Gribben phase occurred approximately 13 to 11 ka.

Potential Correlation with Lake Agassiz
The Gribben interglacial phase chronologically correlates to a low water level
documented for Glacial Lake Agassiz, a vast proglacial lake that was positioned northwest
of the Superior basin and southwest of Hudson Bay (e.g. Clayton, 1983; Teller and
Thorleifson, 1983). This Lake Agassiz low water level is termed the Moorhead phase, and
may have resulted from catastrophic drainage into the Lake Superior basin as the ice
margin retreated and subsequently uncovered lower lake outlets (e.g. Teller and
Thorleifson, 1983; Teller, 1990; Leverington et al., 2000; Breckenridge, 2007; Carlson and
Clark, 2012). This suggests that the LIS margin must have retreated to a position along the
northern shores of the Superior basin during the Gribben interglacial phase to allow this
catastrophic discharge from Lake Agassiz to occur, resulting in the Moorhead low phase
(Clayton, 1983; Drexler et al., 1983; Teller and Thorleifson, 1983). This scenario also
requires the ice margin to have then readvanced through almost the entire Superior basin
to later bury the Gribben forest during the subsequent Marquette glacial phase.
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Other studies propose different hypotheses to explain the Moorhead low water level
in Lake Agassiz. The LIS margin may have blocked Lake Agassiz discharge routes to the
Superior basin (e.g. Lowell et al., 2009), so any catastrophic drainage would have been
routed through the northwest outlet to the Arctic Ocean (e.g. Teller et al., 2005; Tarasov
and Peltier, 2006). Lowell et al. (2013) suggest that atmospheric conditions led to a
combination of increased evaporation and reduced water inputs (i.e. drought conditions),
which lowered the Lake Agassiz water level during the Moorhead phase instead of relying
on any catastrophic drainage. However, Teller (2013) concludes that paleoecological
records within and near the Lake Agassiz basin do not reflect drought conditions. Teller
(2013) instead attributes the Moorhead phase to drainage through lower outlet elevations,
but it remains unconfirmed if the lowest uncovered outlet was through the Lake Superior
basin (eastern outlet) or through the northwestern outlet to the Arctic Ocean.

Lake Agassiz Correlation to the Younger Dryas. Periodic, catastrophic drainage of
glacial meltwater from Lake Agassiz is linked to climatic cooling, most notably, the Younger
Dryas from approximately 12.9 to 11.7 ka (e.g. Clayton and Moran, 1982; Drexler et al.,
1983; Dyke, 2004). This hypothesis involves catastrophic, freshwater influx that was
routed through the Lake Superior basin to the Atlantic Ocean, instead of routed southward
through the Mississippi River to the Gulf of Mexico. This eventually affected thermohaline
circulation and resulted in a climatic cooling (e.g. Broecker et al., 1988; Leverington et al.,
2000; Teller et al., 2002). Similar catastrophic, freshwater drainage through the
northwestern outlet of Lake Agassiz into the Arctic Ocean would produce a similar change
to thermohaline circulation and resulting cooling climatic reaction (Teller et al., 2005;
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Tarasov and Peltier, 2006; Teller, 2013). Clayton and Moran (1982) suggest that the
Gribben interglacial phase coincides with the Bølling-Allerød warm climate period
(preceding the Younger Dryas), and the Marquette glacial phase coincides with the Younger
Dryas cold period. Similarly, Lowell et al. (1999) conclude that the ice advance of the
Marquette phase occurred in response to climatic forcing near the end of the Younger
Dryas. However, recessional moraines near Thunder Bay, Ontario (along the northwestern
coast of Lake Superior) and the western UP were dated to show step-wise glacial retreat
during the Younger Dryas (Lowell et al., 2009; Walters, 2013). Additionally, revised
chronology now dates the maximum southern ice position of the Marquette phase to
approximately 11 ka (Derouin et al., 2007; Walters, 2013), approximately 700 years after
the conclusion of the Younger Dryas. Together, this information suggests that the
Marquette glacial phase was not necessarily the result of climate cooling during the
Younger Dryas, although LIS readvance may have begun near the conclusion of the cold
period. These newest chronology estimates also indicate that much of the Gribben
interglacial phase (an ice-free period in the UP) occurred during the Younger Dryas (a
period of glacial climate conditions). Additional chronology data and interdisciplinary
study is necessary to fully understand the relationship between climate-LIS interaction and
subsequent glacial behavior in the UP and the Lake Superior region.

Marquette Phase
The LIS margin readvanced southward to the present position of the Marquette
moraine (central-western UP; Figure 2-2) and the Grand Marais outwash fan complex
(central-eastern UP; Figure 2-2) during the Marquette glacial phase, synchronously
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building these features along the LIS margin. The Gribben forest, which had undergone a
sufficient growth period during the previous Gribben interglacial phase, was buried in
outwash and proglacial lake sediments (Regis, 1997; Lowell et al., 1999) from the LIS
margin during this time. Radiocarbon ages obtained from the Gribben forest indicate burial
dates, which reflect the chronology for the maximum southern ice position of the
Marquette phase. Initial interpretations of Gribben forest radiocarbon dates indicate burial
approximately 11.6 ka (Hughes and Merry, 1978; Lowell et al., 1999; Pregitzer et al., 2000).
More recent studies have provided additional radiocarbon dates, and the revised age of the
Gribben forest burial is now considered to be approximately 11 ka (Derouin et al., 2007;
Walters, 2013). This indicates that the Marquette glacial phase occurred after the
conclusion of the Younger Dryas cold period (Walters, 2013) during the early Holocene
Epoch. Radiocarbon dates retrieved from sediment cores from the bottom of Beaver Lake
(located in the Trappers Lake quadrangle) suggest that the LIS retreated north of the
Pictured Rocks region approximately 10.5 ka (Fisher and Whitman, 1999).

Late Pleistocene and Holocene Lakes of the Upper Great Lakes Basins
The history of water level fluctuations in the Upper Great Lakes basins (Lake
Superior, Lake Michigan, and Lake Huron) is evident in paleoshoreline reconstructions,
isostatic rebound models, and sedimentological patterns. Paleoshorelines exist from the
last proglacial lakes before final deglaciation of an area, as older shorelines were likely
destroyed by previous glacial readvances (Blewett, 2012).
Water levels in the ancestral Upper Great Lakes were heavily controlled by isostatic
rebound and available outlet elevations (Hough, 1958; 1959; Blewett, 2012). The LIS
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margin sometimes blocked various lake outlets. Water would rise if the ice margin blocked
a lower outlet, whereas ice margin retreat could open a lower outlet and water would drain
to the lower level. Land surface and outlet elevations rose in response to isostatic rebound
following deglaciation, which generally raised water levels. Conversely, outlet erosion
resulted in lowering water levels. Interactions between outlet control and meltwater
volume resulted in a series of proglacial lakes in the Upper Great Lakes basins. The
following subsections describe the glacial and post-glacial lakes that influenced sediments
and landforms in the eastern UP.

Lake Algonquin
As the LIS margin retreated north of the present-day Straits of Mackinac (Figure 22) following the maximum ice position of the Two Rivers glacial phase, proglacial lakes that
had developed independently in the Lake Michigan and Lake Huron basins merged to form
Lake Algonquin (Karrow et al., 1975; Larsen, 1987). At its highest level, Lake Algonquin
inundated much of the eastern UP, while at the same time, ice covered most of the Superior
basin (Hough, 1958; Farrand and Drexler, 1985; Larsen, 1987; Schaetzl et al., 2002;
Drzyzga et al., 2012).
The LIS ice margin retreated to an unknow position north of present-day North Bay,
Ontario during the Gribben interglacial phase. This uncovered a lower outlet for the Lake
Michigan and Lake Huron basins (Hough, 1958; Larsen, 1987). Water levels dropped to the
low levels of Lake Chippewa in the Lake Michigan basin (Hough, 1955; 1958; Hansel et al.,
1985; Larsen, 1987) and Lake Stanley in the Lake Huron basin (Stanley, 1936; Hough,
1955; 1958; 1962; Eschman and Karrow, 1985; Larsen, 1987). Water levels remained at
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these low lake phases in the Lake Michigan and Lake Huron basins until isostatic rebound
(following regional deglaciation) raised outlet elevations, which initiated the rising water
levels of the Nipissing transgression during the Holocene (Farrand and Drexler, 1985;
Larsen, 1987).

Lakes Duluth and Minong
It is unknown how far north the LIS margin retreated during the Gribben
interglacial phase before once again readvancing during the Marquette glacial phase. When
the LIS margin stagnated in the UP at the Marquette moraine and Grand Marais outwash
fan complex (Figure 2-2), almost all of the Lake Superior basin was covered with glacial ice
(Blewett, 2012). A central lobe of ice (perhaps a remnant of the Lake Michigan lobe)
lingered in the central UP and Pictured Rocks region (Blewett, 2012) while adjacent lobes
retreated. Proglacial lakes began to develop in the western and eastern Lake Superior basin
on either side of the central lobe (Blewett, 2012). Water in the western Lake Superior
basin, Lake Duluth, remained separate from that in the east, Lake Minong, due to both the
central ice lobe and the Keweenaw Peninsula (Figure 2-2; Saarnisto, 1974; Farrand and
Drexler, 1985; Blewett, 2012; Breckenridge, 2013). When ice retreated north of the
Keweenaw Peninsula, water from Lake Duluth began to drain eastward into Lake Minong
(Farrand, 1960; Farrand, 1969; Drexler, 1981; Farrand and Drexler, 1985; Blewett, 2012;
Breckenridge, 2013). This drainage likely constructed the kame terraces now observed
north of the crest of the Munising/Grand Marais upland (Figure 1-7; Hughes, 1968;
Blewett, 1994). As a result, water level progressively dropped in the western Lake Superior
basin, and Lake Duluth was replaced by a series of lower, post-Duluth lakes while Lake
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Minong remained in the east (Farrand, 1960; Farrand, 1969; Drexler, 1981; Farrand and
Drexler, 1985; Blewett, 2012; Breckenridge, 2013). Lake Huron Mountain was the final
post-Duluth lake (Drexler, 1981; Farrand and Drexler, 1985; Breckenridge, 2013) before
continued northward ice margin retreat allowed waters to join Lake Minong (Saarnisto,
1975; Drexler et al., 1983; Farrand and Drexler, 1985; Blewett, 2012; Breckenridge, 2013).
Lake Minong was the first post-glacial lake to occupy the Lake Superior basin (Blewett,
2012). Differential isostatic rebound has caused most of the southern Lake Minong
shoreline to now be submerged below present-day Lake Superior while subaerial
exposures are mostly observed along the northern Lake Superior coast (Farrand, 1960;
Farrand, 1969; Drexler, 1981; Farrand and Drexler, 1985; Blewett, 2012; Breckenridge,
2013).
Until recently, it was presumed that the present-day St. Marys River (near Sault
Sainte Marie, Michigan and Ontario; Figure 2-2) was the sole outlet for Lake Minong, which
discharged into the Lake Huron basin. However, Loope et al. (2014) propose that Lake
Minong originally drained into Lake Chippewa (Lake Michigan basin) through the former
floor of Lake Algonquin in the eastern UP while a drift barrier blocked the Sault outlet. This
interpretation is consistent with isostatic rebound models that have indicated that the
highest water level in Lake Minong was approximately 37 m (120 ft) higher than the
present Sault outlet elevation (Saarnisto, 1975; Farrand and Drexler, 1985). The drift
barrier was eroded and breached around 9 ka (Farrand and Drexler, 1985; Breckenridge,
2007; Loope et al., 2010), and then the Sault outlet drained Lake Minong to the low water
level termed Lake Houghton (Farrand and Drexler, 1985; Rea et al., 1994; Blewett, 2012;
Loope et al., 2014). Catastrophic Lake Agassiz drainage into Lake Minong may have been
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responsible for breaching the drift barrier at the Sault outlet (Farrand and Drexler, 1985;
Blewett, 2012), though additional research is needed to fully understand the relationship
between Lake Agassiz and the Lake Superior basin.

Post-Glacial Lakes
Isostatic rebound increased outlet elevations and subsequent water levels in Lakes
Houghton (Lake Superior basin), Chippewa (Lake Michigan basin), and Stanley (Lake
Huron basin) during the Nipissing transgression (Eschman and Karrow, 1985; Farrand and
Drexler, 1985; Hansel et al., 1985; Larsen, 1987; Larson and Schaetzl, 2001). Waters
became confluent in the Upper Great Lakes basins and formed Lake Nipissing (also called
the Nipissing Great Lakes) approximately 5.5 to 5 ka (Eschman and Karrow, 1985; Farrand
and Drexler, 1985; Hansel et al., 1985; Larsen, 1985; Larson and Schaetzl, 2001; Kincare
and Larson, 2009). The Lake Nipissing water level was slightly higher than the present
levels of the Upper Great Lakes, though reflected a similar shoreline. Current evidence of
Lake Nipissing shorelines along Pictured Rocks can be observed as wave-cut scarps
approximately 12 m (40 ft) higher than the present Lake Superior water level (Blewett,
2012). Climate, precipitation, and minor isostatic adjustment of Upper Great Lakes outlets
likely influenced water levels of Lake Nipissing (Fraser et al., 1990; Baedke and Thompson,
2000; Booth et al., 2002). Changes in these influences eventually caused a slight drop in
water level, resulting in the Algoma phase approximately 3.4 ka (Kincare and Larson,
2009). The Sault outlet area continued rebounding higher than the Lake Michigan and Lake
Huron basin outlets, and approximately 2 ka, Lake Superior waters separated from Lake
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Huron (Farrand and Drexler, 1985; Johnston et al., 2007). This resulted in the modern
hydrologic setting of the Upper Great Lakes.

Subaerial Glacial Landforms of the Pictured Rocks Region
The Pictured Rocks area is characterized by significant topographic relief and
several comingling landforms that exhibit cross-cutting patterns. Technological advances
and continual development of a regional chronological framework has resulted in
reclassification and/or more accurate delineation of various landforms over time. The
following subsections describe research studies that have formed the basis of the current
interpretations of notable landforms in the Pictured Rocks region.

Morainal-Type Uplands
There are two prominent, east-west trending uplands in the eastern UP (Figures 1-5
and 2-2). The southernmost UP upland is termed the Newberry moraine, and the northern
upland consists of the Munising and Grand Marais outwash fan complexes (Figures 1-6 and
2-2). Both the Newberry and Munising/Grand Marais uplands are thought to have
developed adjacent to the LIS margin during final advance-retreat oscillations throughout
the UP. The ice margin likely stagnated at these two positions due to prominent bedrock
scarps, the Silurian (Niagara) and Cambro-Ordovician cuestas, that approximately underlie
the Newberry and Munising/Grand Marais uplands, respectively (Figure 2-2). These
bedrock cuestas are thought to have impeded glacial motion at these locations (Karrow,
1987; Blewett, 2002). In this research study, attention is heavily directed to the
Munising/Grand Marais upland due to its proximity to Pictured Rocks.
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The Munising and Grand Marais outwash fan complexes form a nearly continuous
upland that parallels the southern boundary of Pictured Rocks (Figures 2-2 and 2-3).
Apparent continuity and general morphology resulted in the original classification of this
upland as an end moraine, commonly termed the Munising moraine. More recent studies,
however, indicate that this upland is a composite feature in which two separate series of
outwash fan complexes occupy this upland: the Munising outwash fan complex in the east,
and the Grand Marais outwash fan complex in the west (Figures 2-2 and 2-3). In the
literature, these features are still often referred to as the “Munising moraine” and “Grand
Marais moraine,” respectively, despite the outdated glacial implications. This study refers
to these features as “upland” or “outwash fan complexes” (or a variation). Several studies
have been devoted to interpreting the origin of this compound upland and are discussed in
the following subsection.

Munising and Grand Marais Outwash Fan Complexes
The northernmost upland in the eastern UP was first mapped as one, continuous
landform and interpreted as a recessional moraine that was either deposited in, or was
subsequently submerged beneath, Lake Algonquin (Leverett, 1911; 1929; Bergquist, 1936;
Martin, 1957). Leverett (1929) refers to this landform as the “Inner moraine.” Later,
Bergquist (1936) assigns the nomenclature “Munising moraine,” which is still used as the
most common reference to this landform.
Drexler et al. (1983) do not consider the Munising moraine to represent an icemarginal position at all. Instead, they interpret the upland to represent a high-elevation
bedrock area with “only a few meters” (p. 311) of drift covering this high bedrock region.
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Figure 2-3. Locations of uplands (Newberry moraine and Munising/Grand Marais outwash fan complexes), kame terraces, and meltwater
sluiceways throughout the Pictured Rocks region.

This accumulation of thin drift is thought to have formed synchronously with Main Lake
Algonquin, whereas a sequence of discontinuous morainal ridges and outwash plains that
they mapped above this thin drift was termed the “Grand Marais moraine” (Drexler et al.,
1983). The Grand Marais morainal ridges were interpreted to have formed during the
Marquette advance (approximately 2,000 years after the Main Lake Algonquin phase;
Drexler et al., 1983; Farrand and Drexler, 1985).
Blewett and Rieck (1987) conducted a more detailed sedimentological and
geomorphic analysis of the upland. Their study indicates that drift thickness is at least 15.5
m (approximately 50 ft) at the crest. Additionally, they confirm a southward distal-fining
pattern that Bergquist (1936) originally documents. Blewett and Rieck (1987) conclude
that landform patterns are consistent with morphosequences, which describe a general
glaciofluvial landform suite that develops during glacial retreat (Koteff, 1974; Mahaney,
1976; Koteff and Pessl, 1981; Blewett and Rieck, 1987; Benn and Evans, 2010).
Morphosequences consist of ice-contact slopes associated with proglacial outwash fans
that formed along the glacial margin. These landforms then transition to hummocky, kame
and kettle topography up-ice, and then into kame terraces. This sequential landform
pattern can be used to identify significant glacial stagnation positions, especially where
moraines are absent. The steep, north-facing edge of the Munising/Grand Marais upland is
interpreted as an ice-contact slope, and the adjacent crest is interpreted as a series of heads
of outwash that produced the associated large, southward-grading fans (Blewett and Rieck,
1987). Blewett and Rieck (1987) also recognize two additional subtle ice-contact slopes
north of the upland crest that define the northern edges of two kame terraces. From their
study, Blewett and Rieck (1987) conclude that the Munising and Grand Marais outwash fan
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crests, plus two kame terraces, do indeed represent significant ice-marginal positions. This
contests conclusions from Drexler et al. (1983) that the Munising/Grand Marais upland
mainly reflects a subsurface bedrock high rather than an accumulation of ice-marginal
sediment during a stagnant period.
The abrupt southern boundary of outwash fans along the eastern portion of the
upland (the Munising outwash fan complex) differs from the gentle, southern grade that
characterizes the western portion (the Grand Marais outwash fan complex; Figures 1-6 and
2-3). These two morphologies represent two different base levels. Additionally, landform
cross-cutting patterns viewed using digital elevation models (DEMs) suggest that the entire
upland area is a composite feature that was constructed during two separate glacial
advances to this common position (Drexler et al., 1983; Blewett, 1994; 2002; 2012; Blewett
et al., 2014). The older, eastern section retained the name “Munising moraine” (now
“outwash fan complex”). The fans of this eastern segment graded southward and
terminated as deltas in Main Lake Algonquin (Blewett, 1994; 2002; 2012; Blewett et al.,
2014). The younger, western section is termed the “Grand Marais outwash fan complex,”
and is interpreted to have formed during the Marquette phase (Blewett, 1994; 2002; 2012;
Blewett et al., 2014). The Grand Marais outwash fans grade to a much lower base level to
the south. These fans potentially graded into the low-water level of Lake Chippewa, which
occupied the Lake Michigan basin during the Marquette phase (Blewett et al., 2014).

Chronology. The chronological framework of the eastern UP uplands has been
determined by correlation to other landforms that have established radiocarbon dates. The
southern boundary of the Munising outwash fan complex and the Newberry moraine
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exhibit similar patterns to glaciofluvial deltas observed north of Sault Sainte Marie, Ontario
(Hough, 1958). Hough (1958) correlates the Newberry moraine to the Sault deltas and
suggests that both features formed synchronously with the Main phase of Lake Algonquin
during LIS retreat from the maximum Two Rivers position. He also suggests that the
Munising outwash fans graded into a lower, post-Main Algonquin level. However, laterrevised shoreline delineation of Main Lake Algonquin (e.g. Futyma, 1981) indicates that the
Munising outwash fans graded into the Main Algonquin water level. Thus, the most current
accepted interpretation is that the Munising outwash fan complex exhibits the same
chronology as determined for the Main phase of Lake Algonquin, approximately 13 ka
(Saarnisto, 1974; Karrow et al., 1975; Blewett et al., 2014), and the Newberry moraine is
thought to be slightly older and graded into a slightly lower pre-Main Algonquin phase.
The general geomorphic characteristics of the Munising/Grand Marais upland
appears consistent with those of the Marquette moraine to the west (Figure 2-2). When the
Munising/Grand Marais upland was still thought to represent a single landform, it was
interpreted as an eastern extension of the Marquette moraine, suggesting synchronous
development (e.g. Hughes, 1971; Hughes and Merry, 1978). However, radiocarbon dating
from the buried Gribben forest indicates that the Marquette moraine formed
approximately 11 ka (Hughes and Merry, 1978; Clayton and Moran, 1982; Drexler et al.,
1983; Lowell et al., 1999; Pregitzer et al., 2000; Derouin et al., 2007), which is 2,000 years
younger than Main Lake Algonquin and associated Munising outwash fans. This suggests
that the Pictured Rocks area likely represents comingling landforms that formed due to ice
stagnation at this common position during two separate advances (Drexler et al., 1983;
Blewett and Rieck, 1987; Blewett, 1994; 2002; 2012; Blewett et al., 2014). This is
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reinforced by the current interpretation of the compound Munising/Grand Marais upland:
the Munising outwash fans graded into Lake Algonquin following ice-marginal retreat
during the Two Rivers phase approximately 13 ka, and then the Grand Marais outwash fans
formed concurrently with the Marquette moraine when the ice readvanced and stagnated
at approximately the same position during the Marquette phase approximately 11 ka
(Blewett et al., 2014).

Kame Terraces
A set of approximately southwest-northeast trending, step-like terraces are located
between the crest of the Munising/Grand Marais upland and present-day Twelvemile
beach to Grand Marais (Figures 1-7 and 2-3). These terraces were originally interpreted as
wave-cut scarps created by falling water levels during post Main Lake Algonquin phases
(Leverett, 1929; Bergquist, 1936). They have since been reinterpreted as glaciofluvial kame
terraces (Hughes, 1968; Drexler, 1975; Blewett, 1994; 2002; 2012). The overall eastward
slope of these kame terraces indicates that meltwater flowed eastward, routed between the
LIS margin to the north and the crest of the Munising/Grand Marais upland to the south
(Hughes, 1968). Several smaller kame terraces incise into the larger kame terraces. The
meltwater that formed these kame terraces is also interpreted to have carved prominent
gorges into the bedrock west of Twelvemile beach near Grand Portal Point (Figure 1-7;
Blewett, 1994; 2002; 2012).
Hughes (1968) and Drexler (1975) present similar, generalized scenarios for kame
terrace development. Using their established interpretations as a guide, Blewett (1994)
mapped the kame terraces and incised channels and provides a more detailed
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reconstruction of the glacial activity responsible for developing the Munising/Grand Marais
upland and associated kame terraces. Based on detailed topographic patterns, Blewett
(1994) proposes a six-phase sequence of kame terrace development during deglaciation
between present-day Grand Portal Point and Grand Marais, Michigan (Figures 2-4 through
2-9). Blewett (1994) suggests that the ice-margin stagnated at three different positions: the
Upper Kingston (Figure 2-4), the Lower Kingston (Figures 2-5 and 2-6), and the Beaver
Basin positions (Figures 2-7 and 2-8). The Upper Kingston outwash plain (i.e. the Grand
Marais outwash fans) and the highest kame terrace formed near Grand Marais when the ice
margin was located at the Upper Kingston position (Phase 1; Figure 2-4). The ice margin
likely stagnated at this position due to the Cambro-Ordovician bedrock scarp that is located
approximately beneath the crest of the Munising/Grand Marais upland (Figure 2-2)
(Karrow, 1987; Blewett, 2002). Previously-deposited (older) outwash of the Munising fans
must have been eroded or buried beneath the Upper Kingston outwash plain (Grand Marais
outwash fan sediments; Blewett, 2002). The ice margin retreated slightly northward and
then stagnated at the Lower Kingston position (Phase 2; Figure 2-5). The highest kame
terrace was abandoned because lower terrain was uncovered between the Upper Kingston
outwash plain and the ice margin, and thus, the next lower kame terrace developed.
Meltwater then began to flow within smaller channels that incised into the main terrace
surface (Phase 3; Figure 2-6). The ice margin then retreated to the Beaver Basin position,
again uncovering lower terrain for meltwater to flow, which abandoned the higherelevation kame terraces (Phase 4; Figure 2-7). Meltwater then incised into the lower kame
terrace (Phase 5; Figure 2-8), and as the ice margin continued retreat into the Lake
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Superior basin, meltwater eroded the bedrock gorges now exposed near Grand Portal Point
(Phase 6; Figure 2-9).

Glacial Meltwater Sluiceways
Five prominent, north-south trending glacial meltwater sluiceways (channels) are
recognized throughout the greater Pictured Rocks region. From west to east, these are
referred to as the Au Train-Whitefish, Wetmore, Miners, Long Lake, and M-77 sluiceways
(Figure 2-3). These channels carried meltwater southward from the ice margin.
The Au Train-Whitefish sluiceway is a prominent, north-south trending lowland that
bisects the UP, extending from Lake Superior in the north to Lake Michigan in the south
(Figure 2-2). Named for the rivers that currently occupy the lowland, the Au TrainWhitefish sluiceway represents an outlet from Glacial Lake Duluth (western Lake Superior
basin) that carried water southward to Lake Chippewa (Lake Michigan basin) immediately
following the Marquette glacial phase (Hough, 1955; Hughes, 1989). This channel may have
also directed periodic, catastrophic drainage from Lake Duluth and post-Duluth lakes into
Lake Chippewa (Hughes, 1989).
The Wetmore, Miners, and Long Lake sluiceways appear to grade to the same low
level as the Grand Marais outwash fans, and the M-77 sluiceway cross-cuts sediments of the
Munising outwash fans (Blewett, 1994; 2002; 2012). These relationships suggest that, like
the Au Train-Whitefish sluiceway, these channels also formed in association with the
Marquette glacial phase (Blewett, 1994; 2002; 2012). Large, rounded clasts up to 0.3 m (1
ft) in diameter have been observed in gravel pits located within the Long Lake sluiceway
floor, which suggests high velocity discharge during catastrophic meltwater release
49

50
Figure 2-4. Illustration depicting Phase 1 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Present-day geographic references are labeled in parentheses.
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Figure 2-5. Illustration depicting Phase 2 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Currently active meltwater pathways are represented with block arrows, and previously active (higher-elevation)
meltwater pathways are shaded gray.
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Figure 2-6. Illustration depicting Phase 3 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Currently active meltwater pathways are represented with block arrows, and previously active (higher-elevation)
meltwater pathways are shaded gray.
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Figure 2-7. Illustration depicting Phase 4 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Currently active meltwater pathways are represented with block arrows, and previously active (higher-elevation)
meltwater pathways are shaded gray.
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Figure 2-8. Illustration depicting Phase 5 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Currently active meltwater pathways are represented with block arrows, and previously active (higher-elevation)
meltwater pathways are shaded gray.
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Figure 2-9. Illustration depicting Phase 6 of kame terrace development during deglaciation of the eastern portion of Pictured Rocks (from
Blewett, 1994). Currently active meltwater pathways are represented with block arrows, and previously active (higher-elevation)
meltwater pathways are shaded gray.

(Blewett, 2012). In this scenario, meltwater must have been dammed between the crest of
the Munising/Grand Marais upland to the south and the ice margin to the north, and
subsequently eroded through a portion of the outwash fans, causing catastrophic drainage
through the Long Lake sluiceway.

Tunnel Valleys
A network of linear, north-south trending troughs crosses the floor of the eastern
portion of the Lake Superior basin (Figure 1-8). These troughs are generally 1 to 2 km
(approximately 0.5 to 1 mi) wide and incise into the Lake Superior floor up to
approximately 200 m (650 ft; Patterson et al., 2003; Regis et al., 2003). They appear to
almost fully extend between the northern and southern Lake Superior shorelines. The
easternmost troughs run approximately parallel, whereas westernmost troughs display an
anastomosing pattern. Troughs with similar characteristics also occur on the floor of
northern Lake Michigan (Figure 1-8); however, these troughs are shallower, which may be
attributed to later sediment filling (Larson and Schaetzl, 2001; Patterson et al., 2003)
and/or decreased erosional depth nearer to the ice margin (Kehew et al., 2012b).
Characteristics of the Lake Superior and Lake Michigan troughs suggest that these
features are glacial tunnel valleys (Patterson et al., 2003; Regis et al., 2003). Tunnel valleys
form near glacial margins as pressurized meltwater carves over-deepened, subglacial
conduits into sediment or bedrock that can exceed 100 km (60 mi) in length and 4 km (2.5
mi) in width (e.g. Ó Cofaigh, 1996; Clayton et al., 1999; Hooke and Jennings, 2006;
Jørgensen and Sandersen, 2006; Russell et al., 2007; Munro-Stasiuk et al., 2009; Benn and
Evans, 2010; Kehew et al., 2012b). The term “tunnel valley” is sometimes used
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interchangeably with the terms “tunnel channel,” “valley channel,” and “linear incision”
(e.g. Clayton et al., 1999; Hooke and Jennings, 2006; Jørgensen and Sandersen, 2006).
Clayton et al. (1999) suggests the term “tunnel channel” should be reserved for troughs
that were formed during bank-full water flow, versus “tunnel valley” for troughs that were
formed when flow widths were narrower than the valley (as suggested by profile
geometry). To simplify nomenclature discrepancies, this study uses “tunnel valley” as a
non-genetic, descriptive term to define these elongated, subglacial troughs (e.g. Derouin,
2008; Benn and Evans, 2010; Kehew et al., 2012b; Arnold, 2014).

Tunnel Valley Characteristics
Tunnel valleys exhibit low sinuosity, steep walls, and approximately consistent
widths along the length of the valley (Clayton et al., 1999; Regis et al., 2003). Longitudinal
profiles often show a convex upward or undulating valley gradient, reflecting that the
conditions of pressurized, subglacial meltwater flow are controlled by the hydraulic
gradient of the ice surface rather than the substrate topography (Clayton et al., 1999;
Johnson, 1999; Cutler et al., 2002; Hooke and Jennings, 2006; Jørgensen and Sandersen,
2006; Kehew et al., 2012b). Tunnel valleys may be open, partially open, or they may be fully
buried, lacking any surface topographic expression (Ó Cofaigh, 1996; Kehew and
Kozlowski, 2007). Chains of kettles and/or kettle lakes may exist on the surface above
tunnel valleys, which helps to locate those that are buried (Blewett and Rieck, 1987;
Clayton et al., 1999; Kehew et al., 1999; Kehew and Kozlowski, 2007; Benn and Evans,
2010). Networks of tunnel valleys can occur in dendritic, anastomosing, or approximately
parallel patterns over extensive areas (Benn and Evans, 2010).
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Tunnel valleys are commonly associated with ice-marginal positions and associated
landforms (e.g. Patterson, 1994; Clayton et al., 1999; Hooke and Jennings, 2006; Kehew and
Kozlowski, 2007; Munro-Stasiuk et al., 2009; Kehew et al., 2012b). As meltwater transitions
from subglacial to proglacial positions, sediments are deposited as water velocity abruptly
decreases with the loss of pressure. This results in large, proglacial outwash fans that can
reach up to 100 m (330 ft) tall above the tunnel valley floor (Benn and Evans, 2010). These
fans sometimes top ice-marginal moraines or act as part of moraine complexes (e.g.
Patterson, 1994; Clayton et al., 1999) and may also truncate pre-existing landforms (e.g.
Kehew et al., 2012b). Evidence of dead ice near a stagnant glacial margin, such as kame and
kettle topography and hummocky landforms, can also occur in relationship to tunnel
valleys, reflecting a potential change in subglacial hydrologic conditions following tunnel
valley erosion (Koteff, 1974; Wright, 1980; Koteff and Pessl, 1981; Patterson, 1997; Clayton
et al., 1999; Sjogren et al., 2002). Meltwater channeled through tunnel valleys can deposit
boulder-sized glaciofluvial sediments proximal to the ice margin, and fine-grained
glaciofluvial sediments are deposited distal from the ice margin (Derouin, 2008).

Tunnel Valley Genesis
Tunnel valley formation remains controversial, but two main hypotheses have been
proposed: (1) tunnel valleys develop over a significant period of time due to subglacial
sediment deformation and erosion in response to steady-state subglacial flow conditions
that are sustained from groundwater and glacial meltwater (e.g. Shoemaker, 1986; Boulton
and Hindmarsh, 1987; Mooers, 1989; Huuse and Lykke-Andersen, 2000); or (2) tunnel
valleys erode in response to catastrophic release of subglacially-stored meltwater (e.g.
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Wright, 1973; Attig et al., 1989; Ehlers and Linke, 1989; Brennand and Shaw, 1994;
Patterson, 1994; Piotrowski, 1994; Björnsson, 1996; Clayton et al., 1999; Beaney, 2002;
Hooke and Jennings, 2006). The catastrophic meltwater hypothesis (hypothesis 2) is
further subdivided into suggestions of tunnel valley development due to either: (a)
progressive, headward erosion from time-transgressive, episodic meltwater discharge (e.g.
Piotrowski, 1997; Alley et al., 1999; Ensminger et al., 1999; Hooke and Jennings, 2006); or
(b) development from a single, large outburst event (e.g. Wright, 1973; Shaw, 2002; Fisher
et al., 2005; Shaw, 2010).
The episodic, catastrophic meltwater release hypothesis (hypothesis 2a) is generally
favored due to sedimentological and geomorphologic characteristics of proglacial
landforms that often accompany tunnel valleys. Catastrophic meltwater outbursts are often
associated with the anastomosing pattern of many tunnel valley networks, and individual
valleys in these systems may have developed as a result of different outburst episodes
(Jørgensen and Sandersen, 2006). Pre-existing tunnel valleys could preferentially direct
meltwater flow from repeated, readvancing glacial margins (Kozlowski et al., 2005; Kehew
and Kozlowski, 2007; Kehew et al., 2012b), which could further sculpt these valleys by
widening and deepening the walls and floor (Jørgensen and Sandersen, 2006; Kehew et al.,
2012b). The steady-state hypothesis (hypothesis 1) lacks sufficient explanation for the
transport and deposition of boulders greater than 2 m (approximately 6.5 ft) in diameter
that can occur in proglacial fans, as well as the large volume of sediment accumulation in
these fans (Patterson, 1994; Piotrowski, 1994; Clayton et al., 1999; Cutler et al., 2002; Benn
and Evans, 2010). Additionally, the nature of bank-full water flow (inferred from the profile
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geometry that often occurs in tunnel valleys) does not typically reflect sustained, steadystate hydrological conditions (Kehew et al., 2012b).
Complexities of subglacial hydrology and previous glacial activity in areas with
tunnel valley networks suggest that tunnel valleys may develop in response to a
combination of changing conditions (e.g. Jørgensen and Sandersen, 2006). For example,
steady-state subglacial meltwater flow may initiate tunnel valley development (hypothesis
1). Headward erosion may eventually tap a subglacial meltwater reservoir, which initiates
a release of large volumes of water and further elongates the tunnel valleys (hypothesis 2a
or 2b). Meltwater escapes at the glacial margin and deposits sediments as the velocity
decreases, forming proglacial fans. Continued headward valley erosion can occur through
either resumed steady-state conditions (hypothesis 1) or by additional episodic meltwater
releases (hypothesis 2a). Separate glacial readvances over the same landscape could widen
and deepen pre-existing tunnel valleys. However, the resulting landscape and tunnel valley
profiles may only show evidence of catastrophic meltwater release from bank-full flow and
may appear to have been the result of a single glacial advance-retreat cycle. This scenario
highlights the inherent uncertainty of tunnel valley formation interpretations.

Lake Superior Tunnel Valleys
Although it appears that the Lake Superior tunnel valleys terminate approximately
15 km (10 mi) offshore, the Miners River valley and the Kingston Lake kettle chain in
Pictured Rocks (Figure 2-10) serve as potential indicators of buried tunnel valley segments
that continue onshore (Blewett and Rieck, 1987; Regis et al., 2003). The southernmost
segments of the Lake Superior tunnel valleys may be buried in glacial outwash and/or
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Figure 2-10. Locations of the Miners River valley and the Kingston Lake kettle chain.
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longshore drift sediment. Regis et al. (2003) describe the apparent relationship of Lake
Superior tunnel valleys with the Munising/Grand Marais upland. They consider these
tunnel valleys to have transported meltwater that deposited sediment at the glacial margin,
building the extensive outwash fan complexes.
Regis et al. (2004) suggest that Lake Superior tunnel valleys may continue across
the entire UP, which are now buried in thick glacial outwash, and ultimately connect to the
valleys observed in northern Lake Michigan. In this scenario, the tunnel valley network
could have formed simultaneously from a catastrophic drainage event when the LIS margin
was positioned along the northern portion of the Lower Peninsula of Michigan (Derouin,
2008). Conversely, tunnel valleys could have formed by progressive headward erosion
while the glacier margin steadily retreated northward. This indicates time-transgressive
development and is not necessarily reflective of a single catastrophic outburst event
(Derouin, 2008; Kehew et al., 2012b). However, if the Lake Michigan and Lake Superior
tunnel valley networks are separate systems, then this would suggest that the networks
formed as a result of multiple meltwater release episodes from the LIS over a significant
period of time (Derouin, 2008).
Using gravity surveys (oriented east-west), Derouin (2008) confirms the presence of
north-south bedrock valleys that occur throughout a small region in the central UP that is
located southwest of Pictured Rocks (south of Munising between the Lake Superior and
Lake Michigan shorelines). Several negative anomalies were identified as valley-type
erosional features ranging from approximately 1 to 3 km (0.5 to 2 mi) wide and 180 to 400
m (590 to 1,300 ft) deep. These features display similar characteristics to tunnel valleys
carved into the floors of Lake Superior and Lake Michigan. Bedrock valleys identified in the
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gravity transects were discontinuous; therefore, Derouin (2008) concludes that the tunnel
valley networks in Lake Superior and Lake Michigan are separate systems. Also,
geomorphic and sedimentological data south of Munising, in addition to the discontinuous
nature of buried valleys in this area, suggest that the Lake Superior and Lake Michigan
tunnel valleys formed as a result of multiple episodes of meltwater release (rather than
steady-state erosion) from the LIS margin when it occupied different positions: the Lake
Michigan tunnel valleys formed when the LIS margin was located along the northern
portion of the Lower Peninsula of Michigan, and the Lake Superior tunnel valleys formed
when the LIS margin was positioned further north in the UP, likely near the Pictured Rocks
region (Derouin, 2008).
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CHAPTER 3
METHODS
Various techniques were used throughout this project to accomplish the research
objectives and study questions presented in Chapter 1. Traditional field mapping and
sediment textural analysis contributed to producing a new, detailed surficial geology map
of Pictured Rocks National Lakeshore. Passive seismic data were interpreted to estimate
the bedrock topography and drift thicknesses throughout the region. Also, two Optically
Stimulated Luminescence (OSL) dates were obtained, one each on the crests of the
Munising and Grand Marais outwash fan complexes. The following sections detail the
specific methods used in this study.

Mapping Approach
Field Mapping Methods
Field mapping began in the west (Indian Town quadrangle) and progressed to the
northeast, one quadrangle at a time. Vegetation and topographic patterns can indicate soil
type, which is influenced by the glacial sediment parent material. Thus, field mapping sites
were determined in each quadrangle using a combination of aerial imagery and a highresolution 0.6 m (2 ft) LiDAR digital elevation model (DEM) and associated hillshade. These
data were also used when assessing the potential to travel down certain roads and trails to
access desired field locations.
A GPS unit was used to accurately navigate the Pictured Rocks area to
predetermined mapping locations. At most mapping locations, a 1.5 m (5 ft) hand auger
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was used to penetrate the surface soil horizons and reach the parent material for sediment
sample characterization, collection, and analysis (Figure 3-1). Samples consisted of
approximately 500 g (1 lb) of sediment, which was placed in a quart-sized, zip-top plastic
bag and labeled using the following format: “quadrangle abbreviation - mapping site
number” (e.g. IT-42). The quadrangle abbreviations designated in this study are described
in Appendix A. Where possible, sediment samples were also observed and collected from
natural exposures, road cuts, and construction or sand/gravel pit excavations (Figure 3-2).
Sediment samples were not collected from mapping locations where muck or exposed
bedrock occurred, or from locations where cobbles or roots limited auger depth to less
than 0.75 m (2.5 ft; within the upper soil horizons). Standard observations and field data
were documented at each mapping location. Figure 3-3 displays the field data sheet
template used for this study. In areas of greater exposure (e.g. road cuts and gravel pits),
other pertinent data, such as visible sedimentary structures, were recorded in addition to
standard field observations. Map units were preliminarily assigned at each mapping
location and confirmed (or adjusted accordingly) during digital cartography. Sediment
samples were, stored and cataloged for later reference during map production, and certain
samples were selected for textural analysis (described below). Each “full” quadrangle (i.e.
those excluding significant portions of Lake Superior) averaged approximately 50 mapping
sites, totaling 372 throughout the ten quadrangles of this study area (Figure 3-4).

Textural Analysis
Textural analysis, employing mechanical separation of grain sizes, was performed
on 36 sediment samples (Figure 3-4) selected from a variety of landforms in an attempt to
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Figure 3-1. Example of a hand augured boring in the Indian Town quadrangle. Sediments often
showed a well-developed soil profile (clearly defined O/A, E, B, and C horizons, labeled in image). A
representative sample of the surficial geology was collected from the glacial parent material (C
horizon) at most mapping locations. Parent material sediment at this location exemplifies sandy
glacial outwash (sample IT-42; map unit Qsg). Photo by Sarah VanderMeer.
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Figure 3-2. Example of a sand pit exposure in the Indian Town quadrangle. A hand auger measuring
1.5 m (5 ft) tall is pictured for scale. Photo by Sarah VanderMeer.
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Figure 3-3. Field notes template used in this study. Notes were recorded at each sample site, even if
a sample was not collected (e.g. bedrock, muck, or limited auger depth).
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Figure 3-4. Locations of sediment classifications (372 sites) for surficial geology mapping, passive seismic data collection sites (347 total),
and OSL samples (4 total). Sediment classification sites with “X” designate samples used in textural analysis.

detect any sedimentological signatures unique to individual units. Sediment samples were
transferred to an aluminum pan and dried in an oven at approximately 65° C (150° F) for at
least 24 hours to remove moisture. Sediments were then gently disaggregated using a
mortar and pestle, and then approximately 400 g (0.9 lb) was separated for a statistically
representative sample for dry sieving, according to methods recommended by the
American Society for Testing and Materials (1970). A few samples weighed less than 400 g
(0.9 lb), and for these samples, all of the sediment was used for textural analysis. The
weighed sample was poured into a nested stack of seven U.S. Standard sieves, from
coarsest to finest: #5, #10, #18, #35, #60, #120, #230, with a bottom pan to collect fines
(silt and clay) that passed through the #230 sieve. Table 1 summarizes sieve sizes with
corresponding particle sizes and classifications. The sieve stack was then capped and
placed in a RoTap machine for 10 minutes. The contents retained in each sieve and bottom
pan were weighed and recorded.

Silt-Clay Separation
Fines rarely exceeded 7% of the total sample weight, and never exceeded 15%.
When the fines collected in the bottom pan were greater than or equal to 5% of the total
sample weight, a silt-clay separation was performed. The silt-clay separation procedure
used in this study follows a concept derived from Stoke’s Law, indicating that silt will settle
out of solution from a height of 10 cm (approximately 4 in) after 2 hours at 20° C (68° F),
while clay remains in suspension. The fines were added to a 1000 mL (approximately 34 fl
oz) beaker with 0.5 g (approximately 0.02 oz) of trisodium phosphate (deflocculant) and
deionized water was added to a height of 10 cm (approximately 4 in). This mixture was
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Particle size
(mm)

Sieve

phi Value ɸ

Pebbles

4

#5

-2

Gravel

2

#10

-1

Very Coarse

1

#18

0

Coarse

0.5

#35

1

Medium

0.25

#60

2

Fine

0.125

#120

3

Very Fine

0.0625

#230

4

Silt

0.004

Clay

0.002

Pan

Table 1. Grain size classifications and corresponding sieve
and particle sizes.

≥5

Fines

Sand

Classification
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then manually stirred for approximately 10 seconds, and then the beaker was placed in an
ultrasonic vibration bath to agitate the sample mixture for an additional 20 minutes. The
beaker was then removed from the bath to allow the sediment to settle for 2 hours. The
suspended clay particles (clay-water mixture) was carefully siphoned with a hand pump
and placed in a pre-weighed aluminum pan. Deionized water was used to thoroughly rinse
the remaining silt particles from the beaker into a separate pre-weighed aluminum pan.
Each pan was then placed in the approximately 65° C (150° F) oven for at least 24 hours to
remove all moisture, and then the sediment was weighed in the pan. The initial pan weight
(tare weight) was subtracted from the final weight to determine the total weight
percentage of silt and clay in the sample.

Statistical Analysis
Frequency histograms and particle size distribution plots were generated for each
sample as a graphical representation of texture and sorting (Appendix B). A ternary
diagram was generated to show the general texture of all samples classified by weight
percentages of gravel, sand, and fines (presented as results in Chapter 4). Detailed textural
analysis information and associated plots are organized in Appendix B.

HVSR Passive Seismic Technique
Passive seismic data were collected at nearly 350 sites within and immediately
adjacent to the mapped area (Figure 3-4). These data were then analyzed using the
horizontal-to-vertical spectral ratio (HVSR) method to estimate glacial sediment
thicknesses and the regional subsurface bedrock topography throughout the Pictured
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Rocks region. This information was used to delineate the thicknesses and extent of various
landforms and to determine the locations of potential buried bedrock valleys.
The HVSR passive seismic method employs non-invasive, single-site measurements
in which a sensitive broadband instrument records the three-components of ambient
seismic signals and microseisms for a set amount of time (typically between 10 and 30
minutes; e.g. Nakamura, 1989; Bard, 2004; Chatelain et al., 2008). Passive seismic signal is
often considered background noise that diminishes the quality of traditional seismic
studies; however, passive seismic measurements offer advantages for use in settings where
other seismic methods may be unsuccessful (Chatelain et al., 2008; Haefner et al., 2010;
Chandler and Lively, 2014). Effective use of the HVSR passive seismic method requires a
sharp increase in shear wave velocity at the overburden-bedrock boundary. The geology of
the Pictured Rocks region proved favorable for successful regional application of the HVSR
technique. Additionally, the non-invasive nature of this method was especially
advantageous in the Pictured Rocks National Lakeshore area where strict research
regulations limit the use of invasive methods that cause physical disturbance to the land
surface.
Examples of passive seismic data (before performing the HVSR analysis) collected from
two different locations are presented in Figure 3-5. Passive seismic data from each site were then
subjected to HVSR analysis using Grilla software. This analysis utilizes the combined
average frequency spectrum of the two horizontal (H) components, divided pointwise by
the vertical (V) component spectrum (e.g. Nakamura, 1989; Bard, 2004; Chatelain et al.,
2008; Chandler and Lively, 2014). The resulting H/V ratio plot ideally displays a distinct,
high-amplitude peak that corresponds to the frequency value where the
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A

B

Figure 3-5. Examples of passive seismic data (before HVSR analysis) collected from two different
locations. The three-components of seismic signal are displayed as the green (north-south
horizontal component), blue (east-west horizontal component), and pink (vertical component)
colors. Gray dotted lines indicate one-minute intervals of data collection. Data from both locations
yielded excellent HVSR results. A) Passive seismic data recorded for 14 minutes during calm
weather conditions in a remote location away from main roadways (site ALG-266). B) Passive
seismic data recorded for 12 minutes along the side of a highway (site ALG-270) during calm
weather conditions. Each “blip” in these data indicates a passing vehicle.
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horizontal and vertical data differ most (Figure 3-6; Nakamura, 1989). This frequency value
represents the fundamental (or peak) resonance frequency of horizontally polarized shear
waves at the site. The sharpness of the peak reflects the confidence of the HVSR results,
where a sharper peak indicates higher confidence. The error range (standard deviation) of
the fundamental resonance frequency value describes the quality of the passive seismic
data. If the passive seismic data is noisy, the resulting error range of the HVSR fundamental
resonance frequency will be larger; however, the passive seismic data can be edited to
remove extraneous noise to improve the quality of subsequent HVSR results.
Fundamental resonance frequency is inversely related to bedrock depth, which can
be estimated using:
Z = Vs / 4 * fo ,

(1)

where Z is bedrock depth, Vs is the average shear wave velocity of the upper medium, and fo
is the fundamental resonance frequency. However, when shear wave velocity is either
unknown or difficult to estimate (due to complex geology and/or increased sediment
compaction and increased sediment density with depth), a local calibration curve can be
developed by determining fundamental resonance frequencies at locations where bedrock
depths have been previously determined. Variability of overlying sediment in the Pictured
Rocks region led to using this local calibration curve approach to provide the most accurate
estimations of bedrock depth. The calibration equation used in this study is as follows:
Z = 76.737 * fo-1.137,

(2)

where Z is bedrock depth and fo is the fundamental resonance frequency. This equation was
developed by J. Esch (personal communication, 2016), where he employed the HVSR
passive seismic technique at 56 locations with known bedrock depth (as reported in water75
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Figure 3-6. An example of the H/V ratio plot generated from HVSR analysis of passive seismic data (using Grilla software) collected from a
single location (ALG-266). The high-amplitude peak corresponds to the fundamental resonance frequency of the site. In this example, the
fundamental resonance frequency is 1.5 Hz at this passive seismic location.

well logs) throughout the UP (Figure 3-7). This calibration equation is derived from the
trend of a log plot of the bedrock depth versus fundamental resonance frequency results
(Figure 3-7). Bedrock depth estimates at all passive seismic sites in this study were
calculated from the resonance frequency measured at each location using this calibration
equation.
Locations of passive seismic data sites (347 total; Figure 3-4) were constrained by
road accessibility and a general aim of one- to two-mile spacing between locations.
Additional data sites were concentrated to specific areas of interest, most notably in areas
thought to be sites for potential buried tunnel valleys. Both the Michigan Department of
Environmental Quality (MDEQ) Wellogic database and older, scanned water-well logs were
viewed to ensure that estimates of bedrock depth near these wells were approximately
consistent with well log information. Throughout the towns of Munising and Grand Marais
(where wells that reach shallow bedrock are abundant), HVSR passive seismic results were
compared to well logs from wells located within approximately 0.25 to 0.5 km (0.15 to 0.3
mi) of passive seismic sites. Well log data and HVSR passive seismic bedrock depth
estimates in these locations with shallow bedrock were often highly comparable,
confirming reasonable HVSR results. Away from towns, however, regional wells are rarely
deep enough to intersect bedrock. Only nine wells with well logs that record bedrock depth
are located within approximately 1.5 km (1 mi) of a passive seismic site in the central
portion of the Pictured Rocks region (between the Grand Portal Point and Grand Sable Lake
quadrangles). These few well logs were compared to the nearby HVSR passive seismic
results. Despite the limited bedrock well distribution in the east, bedrock depth estimates
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Figure 3-7. The calibration equation used in this study, which was derived from the trendline of 56 HVSR passive seismic data stations
(inset map) conducted at locations with known bedrock depth (J. Esch, personal communication, 2016). This equation was then used to
estimate bedrock depths (where previously unknown) throughout the Pictured Rocks region.

in this area from the HVSR passive seismic results also appeared plausible (considering
reasonable extrapolation of bedrock topography).

Digital Cartography
The final surficial geology map of the ten 7.5-minute quadrangles was produced at a
1:24,000-scale using ArcMap10 software. This map was created by integrating the
extensive field investigations of surficial materials with several additional datasets,
including digital elevation models (DEMs), aerial imagery, the soil survey of Alger County
(Schwenner, 2013), and existing geology maps, reports, and geologic literature covering
the Pictured Rocks area.
The DEM and associated hillshade used during digital cartography was created from
LiDAR data of Alger County with approximately 0.6 m (2 ft) resolution, though the map is
intended to be viewed at a 1:24,000-scale. The National Park Service provided the LiDAR
DEM and hillshade of Alger County, as well as a LiDAR DEM of the small northern section of
Schoolcraft County that is included within the mapped area. Quadrangle boundaries, lake
outlines, river locations, and county boundaries were obtained from the GIS open data
website provided by the State of Michigan. Nearly all of the lake polygons within the
mapped area were edited to reflect the accuracy of the high-resolution LiDAR DEM and
hillshade, and rivers were also edited where they displayed significant spatial errors when
viewed at a 1:24,000-scale. Areas of muck were digitized using aerial imagery, field data,
and the LiDAR DEM hillshade. Remaining units were then digitized using field data and the
LiDAR DEM and hillshade. Landforms viewed with the LiDAR DEM and hillshade were
especially helpful in differentiating various, but similar, types of outwash (sand) units
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encountered in the mapped area. It also proved essential for locating and interpreting
subtle features that would have otherwise remained unrecognized. All map contacts are
approximate and inferred (due to heavy vegetative cover and poor exposures), except lake
boundaries, which are certain.

Optically Stimulated Luminescence Dating
Optically Stimulated Luminescence (OSL) is an age dating technique in which a
beam of light is directed at quartz and feldspar grains present in a sediment sample. These
grains release energy as a luminescent signature that is typically measured by a
photomultiplier (Aitken, 1998). When sediments are sufficiently exposed to sunlight, the
latent signal is reset to zero (the bleaching event). Upon burial, the latent signal recharges
either by exposure to radiation from cosmic rays or from radiation given off by trace
amounts of radioactive elements, such as thorium, uranium, potassium-40, in the soil
(Aitken, 1998). The total energy released (luminescence) is proportional to the amount of
time to build the latent signal of the quartz or feldspar grains, providing an approximate
duration of grain burial (Aitken, 1998).

Sample Collection Procedure
OSL samples can be obtained from the subsurface either using a specialized hand
auger or collected horizontally from the side of a road cut. Care must be taken to minimize
the risk of direct sunlight exposure to sediment samples during collection. The dry, sandy
nature of sediments throughout Pictured Rocks indicated that samples would be best
obtained using the horizontal collection method. Four samples were collected (Figure 3-4),
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one each from the side of three different road cuts (PIRO-15-01, PIRO-15-02, and PIRO-1503), and one from a sand pit (PIRO-15-04). Loose debris and outer layers of surficial
sediment approximately 1.5 to 3 m (5 to 10 ft) down from the surface was first removed
from the side of the road cut using a small shovel (Figure 3-8). Then, a piece of foam was
inserted into one end of a 0.3 m (1 ft) long steel pipe with a diameter of approximately 6 cm
(2.5 in). The foamed-end of the pipe was then inserted into the side of the exposure. A small
wooden board was placed at the outward-facing end of the pipe while driving the pipe fully
into the road cut with a rock hammer (Figure 3-9). The foam was pushed to the outer end
of the pipe, thus containing the sediment sample within the pipe while simultaneously
protecting the end sediments from exposure to sunlight. The pipe was then carefully
removed from the road cut, and a plastic cap was thoroughly taped to each end (Figure 310). Pipes were labeled, and site data was documented for submission to the Illinois State
Geological Survey for analysis.

OSL Analysis
Funding constraints allowed the submission of two samples: PIRO-15-02, located on
the crest of the Munising outwash fan complex, and PIRO-15-03, located on the crest of the
Grand Marais outwash fan complex (Figure 3-4). The OSL analyses were performed by S.
Huot, Ph.D., of the Illinois State Geological Survey. Samples were prepared in low-light
conditions. The outermost 2.5 cm (1 in) of sediment on either end of the tube was removed,
being the segments most susceptible to contamination from partial light exposure during
sample collection. These end sediments were used for analyzing radioactive elements
within the sample for proper dose rate calculations. The remaining sediments were
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Figure 3-8. Example of field preparation for OSL sample collection (PIRO-15-01). Photo by Sarah
VanderMeer.
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Figure 3-9. Example of OSL sample collection (PIRO-15-01). A) Alan Kehew hammers the metal collection pipe into the road cut. B) The
pipe fully contained within the road cut. The wooden board was inserted below to help aid in pipe removal. Photos by Sarah VanderMeer.

Figure 3-10. Example of complete OSL sample collection (PIRO-15-01). Photo by Sarah VanderMeer.
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prepared for OSL dating. Sediments were wet sieved to extract the 0.150 to 0.250 mm
(approximately 0.006 to 0.01 in) diameter grains to be used for analysis. These grains were
then subjected to several acid baths and a heavy liquid solution to remove carbonate
minerals, feldspar, and other impurities from the quartz grains. The purified quartz grains
were sieved once again to remove any partially dissolved impurities smaller than 0.150
mm (approximately 0.006 in). In this study, precise OSL dating was hampered by lowintensity luminescence responses due to insufficient bleaching of both samples before
sediment burial; only a portion of the grains were classified as “well-bleached” at
deposition. OSL age estimates determined in this study (presented as results in Chapter 4)
have large uncertainties and results are considered “tentative.” A full description of the OSL
methods, equipment, and materials used at the Illinois State Geological Survey is provided
in Appendix C.
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CHAPTER 4
RESULTS
Surficial Geology Map of Pictured Rocks National Lakeshore
Plate 1 is the surficial geology map created in this study. This map integrates
information gathered from field investigations, textural analysis, passive seismic data,
aerial imagery, and a high-resolution LiDAR DEM with associated hillshade. Due to heavy
vegetative cover and poor exposures, map contacts are approximate and inferred (other
than lake boundaries, which are certain).
Elevations throughout the mapped area range between approximately 184 m (600
ft) above mean sea level (AMSL) along the low sandy beaches of the Lake Superior
coastline, to approximately 340 m (1,100 ft) AMSL along parts of the Munising outwash fan
complex (Qm) in the Au Sable Point SE and SW quadrangles. The Grand Sable Dunes (Qb in
the Grand Sable Lake quadrangle) are rise to approximately 280 to 300 m (920 to 985 ft)
AMSL along the Lake Superior shoreline and are among the highest elevations within
Pictured Rocks. Only 150 m (500 ft) inland from the shoreline, the bluff itself (the Grand
Sable Banks) represents the most dramatic relief in the area, rising almost 120 m (400 ft)
above the present Lake Superior water level.
The following subsections describe results of the surficial geology mapping,
beginning with map unit descriptions, then describing the distribution of various units, and
finally presenting the textural analysis results.
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Map Units
Holocene
Beach Sand (Qb). Well-sorted, fine to medium quartz sand, currently or recently
active along and near present shorelines. Sand is overall light buff or tan in color. Some
areas contain abundant accumulations of well-rounded gravel, pebbles, and/or cobbles
composed of granite, sandstone, and other igneous and metamorphic rocks. Includes dunes
and beach ridges.

Peat and Muck (Qp). Isolated, poorly drained areas, depressions, or river floodplains
containing partially and/or fully decomposed organic material. May be underlain by sand
and/or gravel.

Pleistocene
Thin Sediment Above Bedrock (Qts). Undifferentiated glacial and/or post-glacial
sediments averaging less than approximately 5 m (16 ft) thick above near-surface
Precambrian or Cambro-Ordovician sandstone, dolomitic sandstone, or limestone bedrock
of the Jacobsville, Munising, and/or Au Train Formations. Sediment matrix is often dark
brown in color with orange or red hues containing fine to medium sand and variable
amounts of silt and clay (typically less than 15% by weight). Sandstone and/or granite
gravel and cobbles are often present within the matrix. May include areas of compact
lodgment till with higher silt and clay content. Sandstone and/or granite boulders are often
observed on the surface.
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Diamicton Ridge (Qd). Thin, discontinuous linear ridges of non-stratified sediment
(till) composed of loose, fine to medium sand matrix often containing mostly granite and
sandstone gravel, cobbles, and/or boulders. Matrix is typically dark brown in color with
orange or red hues containing variable amounts of silt and clay (typically less than 15% by
weight). Ridges may represent small push moraines that were later segmented by
glaciofluvial deposition. Segments are commonly less than 10 m (33 ft) tall (low-relief),
often less than 0.5 km (0.3 mi) long, and oriented approximately NE-SW.

Kame Terrace (Qkt1-6). Bedded, fine to coarse, quartz-rich sand (outwash)
deposited as a series of flat, step-like surfaces north of the crests of the Grand Marais and
Munising outwash fans (Qg and Qm). Sand matrix is typically light to medium tan in color,
contains small amounts of silt and clay (typically less than 5% by weight), and may contain
mostly granite and sandstone gravel and/or cobbles. Kame terraces generally display
smooth topography with interspersed areas of pitted (kettled) terrain. All surfaces gently
slope towards the east and formed as meltwater was routed eastward between the former
glacial ice margin to the north and the crests (heads of outwash) of the Munising and Grand
Marais fans to the south. Kame terraces are differentiated by distinct elevation ranges of
outwash surfaces (Table 2).

Meltwater Sluiceway (Qs). Bedded, fine to coarse, quartz-rich sand (outwash)
contained within N-S channels of variable width. Sand matrix is typically light to medium
tan in color, contains small amounts of silt and clay (typically less than 5% by weight), and
often contains mostly granite and sandstone gravel and/or cobbles. Meltwater sluiceways
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Table 2. Approximate elevation ranges
of kame terrace surfaces (Qkt1-6).
Map Unit

Approximate Elevation
Range (m AMSL)

Qkt1

270 – 285

Qkt2

255 – 265

Qkt3

240 – 250

Qkt4

220 – 235

Qkt5

205 – 215

Qkt6

190 – 200
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display smooth topography, and sediments cross-cut Grand Marais and Munising outwash
fans (Qg and Qm). Sluiceways likely formed as a result of meltwater spilling southward
from the former glacial margin during deglaciation. Channel banks are outlined with
hachures pointing toward the center.

Outwash (undifferentiated; Qsg). Bedded, fine to coarse, quartz-rich sand and gravel
(outwash) with hummocky kame and kettle terrain. Sand matrix is typically light to
medium tan in color, contains small amounts of silt and clay (typically less than 5% by
weight), and may contain mostly granite and sandstone gravel and/or cobbles. Outwash
appears unrelated to Grand Marais and Munising outwash units (Qg and Qm). Sediments
collapsed into the hummocky surface of variable thickness following melting of former
isolated ice blocks buried beneath the outwash.

Grand Marais Outwash Fan Complex (Qg). Bedded, fine to coarse, quartz-rich sand
(outwash) associated with the Grand Marais outwash fan complex (often referred to as the
“Grand Marais moraine” in the literature). Sand matrix is typically light to medium tan in
color, contains small amounts of silt and clay (typically less than 5% by weight), and may
contain mostly granite and sandstone gravel and/or cobbles. Fans gently slope southward
from the crest (head of outwash), which marks a former glacial ice margin position. Grand
Marais outwash fans lack a distinct terminus in the adjacent quadrangles south of the Au
Sable Point SE and SW quadrangles (Sunken Lake and Driggs Lake, not mapped), display
smooth topography with interspersed areas of pitted (kettled) terrain, and generally lie at
lower elevations than the Munising outwash fans (Qm).
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Munising Outwash Fan Complex (Qm). Bedded, fine to coarse, quartz-rich sand
(outwash) associated with the Munising outwash fan complex (often referred to as the
“Munising moraine” in the literature). Sand matrix is typically light to medium tan in color,
contains small amounts of silt and clay (typically less than 5% by weight), and may contain
mostly granite and sandstone gravel and/or cobbles. Fans gently slope southward from the
crest (head of outwash), which marks a former glacial ice margin position. Munising
outwash fans have a clear terminus in the adjacent quadrangles south of the Au Sable Point
SE and SW quadrangles (Sunken Lake and Driggs Lake, not mapped), display hummocky
kame and kettle terrain, and generally lie at higher elevations than the Grand Marais
outwash fans (Qg).

Stacked Push Moraine (Qpm). An isolated, elongated mound of deformed fine to
coarse, quartz-rich sand and gravel with southeasterly-dipping bedding and folds. Granite
and sandstone boulders observed on the surface. This mound is approximately 1.2 km
(0.75 mi) long and 30 m (100 ft) tall and contains deformed bedding. This feature may have
formed as a result of short-term oscillations of a former glacial ice margin that sequentially
shoved smaller push moraines composed of pre-existing sediment (stratified outwash)
southeastward. Figure 4-1 displays a photo of this map unit.

Esker (Qe). Isolated, sinuous ridge composed of stratified, fine to coarse sand that
was deposited in a former subglacial or ice-walled meltwater tunnel oriented
perpendicular to the former ice margin. Matrix contains small amounts of silt and clay
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Figure 4-1. Deformation observed at the northern pit in the stacked push moraine (Qpm) located in the Indian Town quadrangle.
Prominent deformed bedding and folds dipping to the southeast. Sarah VanderMeer, 1.7 m (5.5 ft) tall, pictured for scale. Photo by Alan
Kehew.

(typically less than 5% by weight) and may contain gravel. Most eskers throughout the
mapped area are oriented approximately NW-SE and vary in size. Chevron symbols point in
the direction of meltwater transport (ranging from southward to eastward), and some
eskers display an associated fan at the terminal end.

Drumlin (Qdr). Isolated, elliptical ridge composed of non-stratified sediment (till)
with fine sand matrix that often contains mostly granite and sandstone gravel and cobbles.
Matrix is typically dark brown in color with orange or red hues containing variable
amounts of silt and clay (typically less than 15% by weight). May contain granite and
sandstone boulders on the surface. Drumlins are oriented NW-SE, outlined by bearing
symbol, and geometry indicates former ice flow direction was to the southeast.

Cambrian
Cambro-Ordovician Bedrock (C). Surface bedrock exposures of sandstone, dolomitic
sandstone, or limestone of the Munising (Late Cambrian) and Au Train (Early Ordovician)
Formations. Occasional outcrops of the Jacobsville Formation (late Precambrian) may also
be present. Exposed bedrock slopes may be overlain with thin colluvium. Figure 4-2
displays a photo of an example of this map unit.

Map Unit Distribution
The surficial geology of the Pictured Rocks region can be categorized geographically.
Generally, the “western” quadrangles (Indian Town, Melstrand, Wood Island SE, and Grand
Portal Point) contain thin accumulations, averaging approximately 5 m (16 ft) or less, of
93

94
Figure 4-2. A bedrock cliff exposure (C), “Indian Head Point,” along Lake Superior in the Grand Portal Point quadrangle. Photo by Sarah
VanderMeer.

undifferentiated sediments deposited above shallow bedrock (Qts). Exceptions include
areas of glacial outwash deposits (Qsg, Qg, and Qs) where sediment accumulations tend to
be greater. The “eastern” quadrangles (Trappers Lake, Au Sable Point SW, Au Sable Point
SE, Au Sable Point, Grand Sable Lake, and Grand Marais) mainly contain much thicker
accumulations of quartz-rich sands. Other than the coastal areas, these sediments are
mapped as different glacial outwash units (primarily Qg, Qm, Qs, and Qkt1-6). The
following subsections describe additional details of features in the western and eastern
quadrangles.

Western Quadrangles
The western quadrangles, most notably Indian Town and Melstrand, display
streamlined terrain, oriented northwest-southeast. The distribution of muck (Qp) in swales
between ridges accentuates the streamlined landscape. Additionally, the orientation of
eskers (Qe) and drumlins (Qdr) along with deformation observed in the stacked push
moraine (Qpm; Figure 4-1) located in the western quadrangles all indicate that former iceflow direction was toward the southeast throughout this area.
Subtle diamicton ridges (Qd) oriented approximately northeast-southwest also
occur in the western quadrangles. These features are commonly less than 10 m (33 ft) high
and often less than 0.5 km (0.3 mi) long. These ridge segments are interpreted to trace
former ice margin positions, thus are also indicative of a southeasterly ice advance
direction (perpendicular to the former ice margin). Eskers (Qe) are also commonly found
throughout the western quadrangles. They are oriented approximately northwest-

95

southeast, perpendicular to the inferred former ice margin positions, thereby also
supporting the southeast ice advance direction.
Areas of thicker outwash accumulations (Qsg, Qg, and Qs) cover portions of the
streamlined terrain. “Undifferentiated” outwash (sediments that are neither part of the
Munising nor Grand Marais outwash fan complexes; Qsg) is characterized by hummocky
topography. This differs from Grand Marais outwash (Qg), which displays very flat, smooth
topography, lacking kettles in these western quadrangles (though kettles in this unit are
abundant in the eastern quadrangles).
Bedrock cliffs (C; Figure 4-2) occur along the Lake Superior shoreline in the Indian
Town, Wood Island SE, and Grand Portal Point quadrangles. These steep cliffs translate into
very thin bedrock polygons on the map along much of the coast and near inland waterfalls.
Only a small amount of coastline consists of Holocene beach sand (Qb) in the western
quadrangles, found exclusively in the Indian Town quadrangle.

Eastern Quadrangles
Various outwash units dominate the eastern quadrangles, mainly consisting of the
Munising and Grand Marais outwash fan complexes (Qm and Qg, respectively) and a series
of kame terraces (Qkt1-6). The Munising and Grand Marais outwash fans approximately
parallel the southern border of Pictured Rocks. Munising outwash fans display a
hummocky kame and kettle surface and are generally positioned at higher elevations than
the Grand Marais outwash fans. The southern edge of the Munising outwash fan complex,
located in the Sunken Lake and Driggs Lake quadrangles (not mapped, but located directly
south of the Au Sable Point SE and SW quadrangles), displays a distinct terminus. Using
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Ground Penetrating Radar (GPR), Blewett et al. (2014) confirm the presence of deltas along
this terminus, suggesting that this distinct boundary formed as Munising outwash fan
sediments were abruptly deposited as deltas upon entering Lake Algonquin. Conversely,
Grand Marais outwash fans lack a distinct southern terminus south of the mapped area,
and instead display a gentle, southern gradation across much of the Upper Peninsula to the
northern Lake Michigan shore. The Grand Marais outwash fan complex cross-cuts Munising
outwash fans and display smooth topography interspersed with areas of pitted (kettled)
terrain.
Both the Munising and Grand Marais fan complexes are cross-cut by meltwater
sluiceways (Qs) that formed as a result of meltwater discharge southward from the ice
margin (Hughes, 1989; Blewett, 2012). Approximately north-south oriented channels were
carved as meltwater exited the glacial system, and outwash sediments were deposited in
the sluiceways.
Meltwater kame terraces (Qkt1-6) are positioned north of the Munising and Grand
Marais outwash fan complexes in the eastern quadrangles. Kame terraces were
differentiated by distinct elevation ranges of each surface. The oldest (and highest) kame
terraces are often incised by younger terraces. Topography is generally smooth on these
features with interspersed areas of kettled terrain.
Twelvemile beach is a stretch of Holocene sand (Qb) along Lake Superior in the
Trappers Lake, Au Sable Point SW, and Au Sable Point quadrangles that connects the
bedrock cliffs in the west (mainly Munising and Au Train Formations) to the wave-cut
bedrock platform exposed at Au Sable Point (Jacobsville Formation). The Grand Sable
Dunes are a perched dune system along the Lake Superior coast in the Grand Sable Lake
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quadrangle that rise almost 122 m (400 ft) above the current water level of Lake Superior
(Figure 4-3). The Grand Sable Banks consist of the northern bluff of the highest kame
terrace (Qkt1), and transitions to Qkt5 in the east (Figure 4-3). Easterly-dipping crossbedding is present in the Qkt1 outwash of the Grand Sable Banks (Figure 4-4), reflecting
previous meltwater flow direction during kame terraces formation.

Textural Analysis
Glacial and post-glacial sediments in the Pictured Rocks region contain abundant
sand; therefore, textural analysis was performed on select sediment samples in an attempt
to detect sedimentological signatures unique to individual units (especially among the
various outwash units). The largest percentage of sediment weight in all 36 samples
subjected to textural analysis consisted of either fine or medium sand with a particle
diameter of 0.125 mm (0.005 in; sieve #120) and 0.25 mm (0.01 in; sieve #60),
respectively. Figure 4-5 presents a ternary diagram depicting the general texture of all
sediment samples (weight percentages of gravel, sand, and fines). The percentage of fines
within all but five samples was under 3% by weight. Thin sediment above bedrock (Qts)
and diamicton ridges (Qd) were the map units that typically yielded the highest
percentages of fines, ranging between 6 and 13% by weight. Weight percentages of fines
selected to describe map units were estimated from samples in which textural analysis was
performed, plus general field observations of sediment. The percentage of fines in thin
sediment above bedrock (Qts), diamicton ridges (Qd), and drumlins (Qdr) are
approximated at typically less than 15% by weight, and the percentage of fines in the
various outwash units is approximated at typically less than 5% by weight. No unique
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Figure 4-3. A view of the Grand Sable Banks (Qkt1 pictured, and Qkt5 further east) and Grand Sable Dunes (Qb) along Lake Superior in the
Grand Sable Lake quadrangle. The northern bluff of the highest meltwater kame terrace (Qkt1) constructs the majority of the Grand Sable
Banks, and the Grand Sable Dunes consist of an accumulation of windblown sand on top of the kame terrace surfaces (Qkt1 and Qkt5).
Photo by Sarah VanderMeer.
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Figure 4-4. Crossbeds within the highest meltwater kame terrace (Qkt1) observed along the Grand Sable Banks (Grand Sable Lake
quadrangle). Penny outlined for scale. Medium to coarse sand with beds dipping eastward, reflecting previous meltwater flow direction in
this area. Photo by Sarah VanderMeer.
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Figure 4-5. Ternary diagram showing the general texture of all sediment samples. Sample label is shown as: “quadrangle abbreviationsample reference number (map unit).”

sedimentological patterns or signatures of the various outwash units were detected based
on results of textural analysis. Detailed results for individual samples are organized and
presented in Appendix B.

HVSR Passive Seismic Data
Sediment thicknesses throughout the Pictured Rocks region were estimated using
the HVSR passive seismic technique (e.g. Esch and Sauck, 2015) at 347 locations (Figure 46). All bedrock depth estimates were calculated using the calibration equation for the
Upper Peninsula (equation 2; chapter 3, page 75). Figure 4-7 displays sediment thickness
estimates (depth to bedrock) as point data, and Figure 4-8 presents an interpolated
contour map of the sediment thickness. Bedrock topography, which removes surficial
topographic influence, is displayed as point data in Figure 4-9 and an interpolated contour
map in Figure 4-10. The color scales used to display the point data in Figures 4-7 and 4-9
were generated using natural, uneven breaks within the HVSR results to best view bedrock
patterns, whereas the scales for the interpolations (Figures 4-8 and 4-10) use an equal
contour interval between data points.
HVSR results estimate that regional sediment thicknesses range from approximately
0.5 m to 231 m (1.6 to 760 ft). Sediment thicknesses generally increase eastward. Regional
bedrock elevations range from approximately -36 to 269 m (-118 to 883 ft) AMSL.
Generally, the western portion of the Pictured Rocks area is characterized by higher
bedrock elevations covered by thin sediment accumulations. One small area south of Grand
Marais, and just east of Grand Sable Lake, also displays this high elevation bedrock and thin
sediment pattern. These HVSR passive seismic bedrock elevation estimates are consistent
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Figure 4-6. Locations of the 347 HVSR passive seismic data collection sites.
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Figure 4-7. Point data displaying sediment thickness estimates (meters deep from the surface) using the HVSR passive seismic technique.
Blues indicate thin sediment (short depth to bedrock), reds indicate thick sediment (large depth to bedrock).
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Figure 4-8. Interpolation (natural neighbor) displaying sediment thickness estimates (meters deep from the surface) based on the HVSR
passive seismic results. Blues indicate thin sediment (short depth to bedrock), reds indicate thick sediment (large depth to bedrock). Due
to inconsistent data coverage density, interpolation shows skewing, especially along the northern and southern edges.
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Figure 4-9. Point data displaying bedrock elevation estimates (m AMSL) using the HVSR passive seismic technique. Reds indicate higher
elevations, blues indicate lower elevations.
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Figure 4-10. Interpolation (natural neighbor) displaying bedrock elevation estimates (m AMSL) based on the HVSR passive seismic
results. Reds indicate higher elevations, blues indicate lower elevations. Due to inconsistent data coverage density, interpolation shows
skewing, especially along the northern and southern edges.

with the general bedrock topography patterns in this region that Rieck (1991) mapped
using water and petroleum well logs. This HVSR passive seismic study provides additional
subsurface bedrock topography estimates where water and petroleum wells are either
lacking or do not reach bedrock.
The Pictured Rocks region consists of fairly flat bedrock topography interrupted by
deep, linear, north-south oriented bedrock troughs. These are interpreted as glacial tunnel
valleys that incise into the bedrock. There are at least eight buried (or partially buried)
tunnel valleys that occur onshore in the Pictured Rocks region (Figure 4-11). These tunnel
valleys are named according to their proximity to towns, rivers, or inland lakes. From west
to east, these valleys are termed the Au Train, Munising, Miners, Kingston, Grand Marais,
Blind Sucker 1, Blind Sucker 2, and Deer Park.
Figure 4-11 B displays a profile of the surface and subsurface bedrock topography
along the Lake Superior shoreline. Because the lithology of the Jacobsville, Munising, and
Au Train Formations are similar (all mainly consist of sandstone), well logs rarely provide
the necessary detail to differentiate between these units. Therefore, the general
relationships between bedrock unit contacts along this profile were estimated based on the
Bedrock Geology map of Michigan (Michigan Department of Environmental QualityGeologic Survey Division, 1987) and the HVSR passive seismic results in this study. All
valleys, except the Miners valley (which displays most of its Munising and Au Train bedrock
walls at the surface), are interpreted to incise into the Jacobsville Formation, considering
that the Jacobsville is mapped at the Au Train, Grand Marais, Blind Sucker 1, Blind Sucker 2,
and Deer Park valley locations along the profile. Additionally, the Jacobsville Formation is
mapped very closely to the Munising and Kingston valley locations along the profile. The
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Figure 4-11. Approximate locations and profiles of tunnel valleys along the Lake Superior shoreline. A) Map view of tunnel valley
distribution. Central axes are approximated (gray lines). Profile location designated as solid black line. B) Profile of both surface and
bedrock topography along the Lake Superior shoreline. White space between surface and bedrock indicates unconsolidated glacial
sediment. The Kingston valley was additionally confirmed with a gravity profile (Simple Bouguer Anomaly). Interpretations of
approximate bedrock unit contacts are estimated and unverified.

extent to which these tunnel valleys may cut into the Jacobsville Formation is unknown;
however, Figure 4-11 B provides a general interpretation of bedrock contact locations
(unverified) inferred from subsurface information that is currently available.
The westernmost set of tunnel valleys (Au Train, Munising, Miners, and Kingston)
display a surficial topographic expression near the Lake Superior shoreline (Figure 4-11 B).
Surficial clues have led to speculation of these westernmost buried bedrock valleys in
previous research studies (Blewett and Rieck, 1987; Regis et al., 2003; Derouin, 2008), and
are confirmed in this study. Figure 4-12 provides a detailed contour map of the Kingston
valley based on HVSR passive seismic results. The easternmost set of tunnel valleys (Grand
Marais, Blind Sucker 1, Blind Sucker 2, and Deer Park) lack any surficial indication near the
shoreline (Figure 4-11 B) and are newly discovered in this study. This profile indicates
surface elevations above each valley to be approximately 200 m (656 ft) AMSL. Table 3
summarizes the approximate relief, width, and maximum depth of each valley based on the
shoreline profile. Tunnel valley relief was estimated in relationship with the average
elevation of the surrounding bedrock surface. Each tunnel valley width was estimated at
the position of half of the maximum relief.
The Munising, Kingston, Grand Marais, and Deer Park valleys display considerably
greater relief along the Lake Superior shoreline than the Miners, and Blind Sucker 1, and
Blind Sucker 2 valleys (Figure 4-11 B). The Kingston, Grand Marais, and Deer Park valleys
are also notably wider than the others and exhibit an asymmetrical profile. The western
edge of the Au Train valley was not fully delineated along the shoreline, so it currently
remains undetermined if this valley is of larger overall size, similar to the Munising,
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Figure 4-12. A contour map detailing the bedrock elevation estimates (m AMSL) of the Kingston
tunnel valley based on the HVSR passive seismic results.
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Table 3. Approximate relief, width, and maximum depths of
bedrock tunnel valleys.
Relief* (m)

Width† (km)

Maximum Depth
(m AMSL)

Au Train

100

3.45

100

Munising

170

1.53

80

Miners

111

1.53

150

Kingston

188

5.75

50

Grand Marais

158

5.37

0

Blind Sucker 1

75

2.30

60

Blind Sucker 2

50

1.53

60

Deer Park

165

4.60

-40

Valley Name

*Tunnel valley relief was estimated in relationship with the average
elevation of the surrounding bedrock surface.
†Width was estimated at the position of half of the maximum tunnel valley
relief.
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Kingston, Grand Marais, and Deer Park valleys, or if it is smaller, similar to the Miners,
Blind Sucker 1, and Blind Sucker 2 valleys.
The bedrock surface along the Lake Superior coast rapidly decreases more than 100
m (328 ft) near Grand Marais (Figure 4-11 B). This coincides with a bedrock contact
between the Munising Formation and the underlying Jacobsville Formation throughout this
region (Michigan Department of Environmental Quality-Geologic Survey Division, 1987).
Bedrock elevations throughout the study area west of Grand Marais average approximately
250 m (820 ft) AMSL, whereas elevations east of Grand Marais average approximately 120
m (394 ft) AMSL.
Several well logs from wells located within 0.25 km (0.15 mi) of passive seismic
sites located above the Au Train, Munising, and Miners River valleys confirm that bedrock
depth estimates determined in this study are reasonable for these features. Bedrock depths
estimated from HVSR passive seismic results were also spot-checked throughout the study
area by using the limited number of well logs that record bedrock depth to ensure plausible
depth estimates. Additionally, the Kingston valley depth estimates were confirmed by
conducting a gravity profile (Figure 4-11 B).

Optically Stimulated Luminescence Age Estimates
The OSL age obtained from sediments of the Munising outwash fan complex (PIRO15-02) revealed a minimum age of 10.5 ± 1.4 ka, and that obtained from sediments of the
Grand Marais outwash fan complex (PIRO-15-03) revealed a minimum age of 15 ± 2 ka.
Uncertainties are reported as one standard deviation (1σ) of the mean, yielding an
approximate 68% confidence. Each sample contained grains that were insufficiently
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bleached during their last sedimentary cycle; thus, the quantity of grains representing the
presumed age was greatly reduced. This insufficient bleaching prevented a complete
“reset” of the latent signal of the sediment. Total bleaching occurs when all sediment grains
are exposed to sufficient sunlight to release the energy trapped in quartz grains from
radioactive decay events, which resets the latent signal. This is best accomplished
subaerially. OSL measures the amount of energy trapped in quartz grains, measured as
luminescence that accumulates through radioactive decay in the sediment after burial.
When grains are insufficiently bleached prior to final burial, an overestimation of energy is
detected, which leads to older OSL age estimates. Positive skewing of age estimates from
both samples in this study are indicative of insufficient bleaching, and thus, the Illinois
State Geological Survey suggests that the minimum age model (Galbraith et al., 1999) is
more appropriate to account for age overestimation rather than using the average (mean)
value method.
Insufficient bleaching, likely due to the glaciofluvial depositional setting of each
sediment sample, resulted in low luminescence intensities. This produced the large
uncertainties of these minimum age estimates. Therefore, the age estimates presented in
this study are considered provisional. Additional details concerning OSL results are
provided in Appendix C.
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CHAPTER 5
DISCUSSION
Landform Distributions and Interpretations
The western and eastern portions of Pictured Rocks display notably different
sedimentology and topography. These differences may be attributed to the variance in
bedrock elevations between these two regions (higher in the west, lower in the east).
Bedrock elevation differences may also have affected subsurface tunnel valley distributions
and associated landforms. Collectively, the subaerial landform suite present throughout the
entire study area (e.g. small push moraines, drumlins, eskers, proglacial outwash fans,
kame terraces) suggests deposition by an actively receding glacier in temperate climate
conditions (Evans and Twigg, 2002; Benn and Evans, 2010). Process-form relationships
observed in temperate, glaciated regions within non-mountainous terrain (e.g. Iceland) can
serve as modern analogues for sediment-landform associations from the LIS to use for
glacial history reconstructions (Evans and Twigg, 2002).

Western Quadrangles
The surficial geology of the western portion of Pictured Rocks is largely
characterized by thin accumulations of unconsolidated sediments deposited directly above
high-elevation bedrock. Small-scale landforms that were once part of the ice-marginal
system (e.g. diamicton ridges) and subglacial system (e.g. drumlins and eskers) occur
throughout the western region but are lacking in the eastern quadrangles. The following
subsections discuss the interpretations and implications of these western landforms.
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Push Moraines
Low-relief diamicton ridges (Qd), commonly less than 10 m (33 ft) tall, mapped in
the western Pictured Rocks quadrangles resemble push moraines described in current,
actively receding temperate glacier systems in Iceland (Price, 1970; Boulton, 1986; Evans
and Twigg, 2002; Benn and Evans, 2010). In Iceland, these features rarely exceed 5 m (16
ft) in height in front of the Breiðamerkurjökull and Fjallsjökull glacier margins (Evans and
Twigg, 2002). Small push moraines are interpreted to develop from annual oscillations of a
glacier margin during overall retreat (Evans and Twigg, 2002; Benn and Evans, 2010).
These features form when a slight glacial readvance bulldozes unconsolidated sediments
into a low-relief ridge along its margin (e.g. Benn and Evans, 2010). Benn and Evans (2010)
describe the annual push moraine development cycle: during summer melting and retreat,
supraglacial debris is deposited into the proglacial environment; unconsolidated proglacial
sediments become part of the subglacial environment as the ice readvances during winter
accumulation; unconsolidated subglacial sediments are pushed into a low-relief ridge
(push moraine) by the advancing glacial margin; and the push moraine is abandoned with
resumed melting and retreat during subsequent summer ablation months.
Considering the lateral spacing between push moraines along with their relative
size can help deduce glacial behavior during overall retreat. Closely-spaced push moraines
may indicate either a slow and steady glacial retreat rate, or they may indicate increased
ice flow rates during winter advance(s) such that the glacial margin returns to
approximately the same position as the previous year (Evans and Twigg, 2002). In the case
of increased flow rates, closely-spaced push moraines commonly show greater relief due to
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the stacking of younger push moraines on top of those already in place from the previous
winter advances. Conversely, widely-spaced push moraines may represent either higher
recession rates during ablation seasons, or they may signify greater advance rates causing
previously deposited push moraines to be destroyed by a more substantial glacial
readvance (Benn and Evans, 2010).
Diamicton ridges (Qd) in the Pictured Rocks area are discontinuous and often less
than 0.5 km (0.3 mi) long, whereas Evans and Twigg (2002) report tracing push moraines
for more than 3 km (1.9 mi) in Iceland. It is common for glaciofluvial deposits in temperate
glacier landsystems to partially bury smaller landforms, such as push moraines, drumlins,
and eskers, such that these features often occur as remnants within outwash plains (Benn
and Evans, 2010). Thus, the shorter push moraine segments (Qd) mapped in the western
Pictured Rocks quadrangles can be attributed to glaciofluvial deposition (mainly Grand
Marais outwash fan deposition; Qg) partially removing and/or burying portions of these
subtle ridges.

Stacked Push Moraine
Sedimentological characteristics and dimensions of the isolated, deformed hill
(Qpm) in the Indian Town quadrangle are fairly consistent with stacked push moraines
described by Evans and Twigg (2002) and Benn and Evans (2010). Some characteristics of
stacked push moraines also overlap with those that describe composite ridges, hill-hole
pairs, and/or cupola hills (e.g. Evans and Benn, 2001), which are discussed in the following
subsection; however, the feature in the Indian Town quadrangle best aligns with
descriptions of stacked push moraines, and is, therefore, interpreted as such. Stacked push
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moraines can develop either as a result of a prolonged stable ice margin position, or can
form from sequential ice margin readvance to approximately the same position over
several seasons (Benn and Evans, 2010). Thus, stacked push moraines exhibit greater relief
and may display more prominent sediment deformation than their single counterparts.
The relative larger size of the stacked push moraine (Qpm) mapped in the Indian
Town quadrangle, versus the lower-relief diamicton ridges (Qd) that are interpreted as
single push moraines, is consistent with the general descriptions of each of these features.
Additionally, the orientation of this stacked push moraine is also consistent with a trail of
smaller, single push moraines (diamicton ridges) mapped to the northeast. These
observations suggest that these landforms in the western quadrangles are likely related.
Deformational structures in the stacked push moraine are visible where excavation sites
occur. Deformation may also occur on a smaller scale in some of the smaller push moraine
ridges but are not visible due to the lack of open excavation sites.
The stacked push moraine (Qpm) in the Indian Town quadrangle consists of
outwash while the small push moraines (Qd) mapped throughout the western quadrangles
are composed of sand-rich till. Benn and Evans (2010) discuss the fact that push moraine
composition can widely vary, mirroring the often diverse lithology and volume of
supraglacial, subglacial, and proglacial sediments found in the glacier foreland. The stacked
push moraine in the Indian Town quadrangle is surrounded by collapsed outwash (Qsg),
which likely reflects the source sediment of this feature. Conversely, the vast majority of
the smaller push moraine ridges in the western quadrangles occur adjacent to the
“undifferentiated thin sediment above bedrock” unit (Qts), which is almost always located
upglacier with respect to the ridges. Textural analysis determined that the highest clay
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content occurs in both the push moraine ridges (Qd) and undifferentiated thin sediment
(Qts), suggesting that these small ridges could be composed of the same “undifferentiated”
material.

Similarities to Composite Ridges, Hill-Hole Pairs, and Cupola Hills. Composite ridges
(e.g. Aber et al., 1989; Evans and Benn, 2001; Benn and Evans, 2010) can display similar
characteristics to stacked push moraines. Composite ridges consist of a series of deformed,
unconsolidated sediments and/or bedrock that are up-thrust subparallel to a glacial
margin (Benn and Evans, 2010). Composite ridges have sometimes been referred to as
push moraines (e.g. Etzelmüller et al., 1996; Boulton et al., 1999; Bennett, 2001) or thrustblock moraines (e.g. Evans and England, 1991; Fitzsimons, 1996). However, this study
follows terminology established by Benn and Evans (2010) that classifies “push moraines”
as smaller features formed by bulldozing that lack large-scale glacial excavation (e.g.
diamicton ridges mapped in the western quadrangles in this study), and “thrust-block
moraines” to describe a specific type of composite ridge currently formed in polar regions
and areas with widespread permafrost. Relief of composite ridges is highly variable. Those
that are greater than 100 m (approximately 330 ft) tall are classified as large composite
ridges, and these often contain a substantial volume of bedrock included with
unconsolidated sediments (Aber et al., 1989). Those that are less than 100 m (330 ft) tall
are mainly composed of unconsolidated sediments, and are considered small composite
ridges (Aber et al., 1989). While the dimensions and significant sedimentological
deformation of the feature (Qpm) that is currently interpreted as a stacked push moraine in

119

the Indian Town quadrangle might indicate a small composite ridge, this feature lacks the
corresponding suite of subparallel ridges that is characteristic of composite ridges.
Hill-hole pairs (e.g. Bluemle and Clayton, 1984; Evans and Benn, 2001; Benn and
Evans, 2010) also exhibit similar characteristics to stacked push moraines. Hill-hole pairs
consist of an ice-thrusted hill with an associated, similarly-sized depression that is located
upglacier from the hill (Bluemle and Clayton, 1984). Later sediment infilling may conceal
surficial expression of the depressions (Benn and Evans, 2010), thus only the hill of the hillhole pair may remain visible. Because there is no visible depression upglacier of the feature
(Qpm) that is currently interpreted as a stacked push moraine in the Indian Town
quadrangle, this feature could possibly reflect a hill of a hill-hole pair. However, the
morphology of this feature (Qpm) is not consistent with descriptions of a typical hill of a
hill-hole pair. Hills in hill-hole pairs are often crescent-shaped (in planform), concave
upglacier (Benn and Evans, 2010), whereas the stacked push moraine hill in the Indian
Town quadrangle is slightly concave downglacier. Additionally, the surface of hills of hillhole pairs often displays a series of subparallel ridges and depressions (Benn and Evans,
2010), which the Indian Town feature also lacks.
Cupola hills are deformed, dome-shaped features that lack both upglacier
depressions (characteristic of hill-hole pairs) and a suite of subparallel ridges (mainly
characteristics of composite ridges; Bluemle and Clayton, 1984). Cupola hills are thought to
represent hill-hole pairs or composite ridges that have been overridden by a readvancing
glacial ice margin (Benn and Evans, 2010). Slight glacial overriding results in a more
elongated cupola hill that was positioned parallel to the former ice margin (perpendicular
to the direction of ice flow; Benn and Evans, 2010). With only slight modifications, cupola
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hills may preserve some of the subparallel ridges that were present on the original
composite ridge or hill of a hill-hole pair (Benn and Evans, 2010). Conversely, heavy glacial
overriding increases morphology alterations of the original composite ridge or hill-hole
pair, and a more streamlined cupola hill forms parallel to ice flow direction, potentially
representing initial drumlin forms (Benn and Evans, 2010). The feature (Qpm) that is
currently interpreted as a stacked push moraine in the Indian Town quadrangle may
represent a cupola hill that formed as a result of a slight glacial readvance over a
previously-existing composite ridge or hill-hole pair, though it lacks evidence of subparallel
ridges on its surface. Therefore, with the information available in this study, the best
current interpretation of the feature (Qpm) in the Indian Town quadrangle is a stacked
push moraine that corresponds to the smaller push moraine ridges (Qd) mapped
throughout the western quadrangles.

Drumlins and Eskers
The western quadrangles exclusively contain the entire distribution of drumlins
(Qdr) and eskers (Qe) within the study area. This suggests that depositional conditions
varied throughout the region. The LIS possibly advanced farther inland in the west than the
east, producing a subglacial landform assemblage in the western quadrangles and an icemarginal/proglacial landform assemblage in the east. However, the average bedrock
elevation is higher in the western quadrangles than at most locations in the east. Thus, the
ice margin would have seemingly advanced further south in the eastern quadrangles where
bedrock elevations are lower, producing fewer obstacles than the higher-elevation bedrock
in the west. The bedrock lithology that subcrops throughout the study area remains fairly
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consistent (Michigan Department of Environmental Quality-Geologic Survey Division,
1987), so it seems unlikely that lithologic differences affected subglacial hydrology and
subsequent landform development.
Benn and Evans (2010) discuss the high probability for subglacial landforms and
more subtle ice-marginal features to appear reworked, partially buried, or fully
buried/destroyed by meltwater and proglacial outwash sediments in actively retreating
temperate glacier systems. This often results in isolated, remnant subglacial landforms
contained within extensive outwash plains. Drumlin morphology observed in the
Melstrand quadrangle may reflect post-depositional influence by meltwater and/or
outwash sediments. Additionally, esker dimensions are highly variable in the western
quadrangles, and some are highly segmented. These characteristics also suggest postdepositional reworking from meltwater and/or outwash sediments. The lack of subglacial
landforms in the eastern quadrangles may indicate that any drumlins or eskers that might
have originally existed in the east were simply buried or eradicated by proglacial outwash
fan deposition (mainly the Grand Marais outwash fan complex; Qg) and/or kame terrace
(Qkt1-6) development during final deglaciation.

Eastern Quadrangles
The surficial geology of the eastern portion of Pictured Rocks is largely
characterized by the large-scale glaciofluvial deposition of the Munising and Grand Marais
outwash fan complexes (Qm and Qg, respectively), as well as the series of kame terraces
(Qkt1-6). This region represents both ice-marginal and proglacial landforms, differing from
the western quadrangles that contain much smaller scale ice-marginal and subglacial
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landforms. The Munising and Grand Marais outwash fan complexes comprise the highest
and largest area landforms in the Pictured Rocks region. Attention is heavily focused on
these outwash fans in the following subsections due to their prominent size and
noteworthy characteristics.

Munising and Grand Marais Outwash Fan Complexes
Munising outwash fans (Qm) are mostly concentrated in the Au Sable Point SW and
SE quadrangles, whereas Grand Marais outwash fans (Qg) span all of the southernmost
quadrangles. Based on textual analysis results from this study, there is no apparent
sedimentological difference between the outwash deposited in these separate landforms.
However, there are clear topographical differences that help distinguish between the
Munising and Grand Marais complexes. Munising outwash fans display a hummocky kame
and kettle surface, whereas the Grand Marais outwash fan surfaces are smooth with areas
of pitted (kettled) terrain (Figure 5-1). Kettles in the Grand Marais outwash fans lack a
surrounding diamicton rim that can sometimes border kettle depressions.

Tunnel Valley Relationship to Outwash Fan Complexes
The distribution, geometry, and dimensions of buried bedrock valleys discovered in
the Pictured Rocks region suggest that they are a continuation of the tunnel valleys
observed in the Lake Superior basin. The Au Train, Munising, and Kingston tunnel valleys
terminate at the crest of the Grand Marais outwash fan complex, and the Grand Marais and
likely the Deer Park valleys terminate at the Munising outwash fan complex (Figure 5-2).
Considering the scale, dimensions, and approximate elevation of the tunnel valley floors
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Figure 5-1. Generalized schematic of topography associated with a kame and kettle surface and a pitted outwash surface. A) Hummocky
land surface composed of kame hills and kettle hollows. This pattern is characteristic of the Munising outwash fan complex. B) Mostly flat
outwash surface interspersed with kettle depressions. This pattern is associated with the Grand Marais outwash fan complex.
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Figure 5-2. Combined bedrock topography interpolation, DEM, and Lake Superior bathymetry. Approximate locations of tunnel valleys are
outlined by gray lines.

compared to much higher elevation of these outwash fan complexes, it appears likely that
both of these outwash fan complexes were deposited from pressurized meltwater exiting
subglacial tunnel valleys at the ice margin (e.g. Patterson, 1994; Clayton et al., 1999; Benn
and Evans, 2010). This interpretation agrees with ideas concerning the apparent
relationship of the Munising and Grand Marais outwash fans and Lake Superior tunnel
valleys that Regis et al. (2003) propose.
Several individual outwash fans have been identified within the Munising and Grand
Marais outwash fan complexes (e.g. Drexler et al., 1983; Blewett and Rieck, 1987; Blewett,
1994; Blewett et al., 2014). These superimposed outwash fans suggest several separate
depositional events, likely resulting from episodic meltwater pulses through the Lake
Superior tunnel valleys (Kehew and Kozlowski, 2007). This interpretation agrees with
tunnel valley investigations south of Munising by Derouin (2008), who used gravity,
sedimentology, and geomorphic studies to conclude that Lake Superior and northern Lake
Michigan valleys formed as a result of multiple episodes of meltwater release (rather than
steady-state erosion) from the LIS.
Grand Marais outwash (Qg) is relatively more discontinuous in the Melstrand
quadrangle than other quadrangles. It appears that the Melstrand area specifically lacks a
tunnel valley source that would have directed highly-pressurized meltwater flow and
sediment deposition into this area. Therefore, these deposits are interpreted as either more
distal deposits associated with Grand Marais outwash fans sourced from the Kingston
and/or the Munising tunnel valleys, or these deposits may represent a smaller-volume
outwash fan that was deposited directly from the melting glacial margin. These Grand
Marais outwash deposits only partially buried the subtle subglacial and ice-marginal
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features (e.g. drumlins, eskers, and small push moraines) of the western quadrangles. This
is in contrast with Munising and Grand Marais outwash fan deposition (Qm and Qg,
respectively) in the eastern quadrangles that may have completely covered or eradicated
any of these features that potentially existed in the eastern region.

Kettle Patterns
Despite similar depositional processes of episodic, pressurized meltwater pulses
through the tunnel valleys, the Munising and Grand Marais outwash fan complexes differ
topographically (Figure 5-1). Kettles are present in both the kame and kettle topography
and the pitted outwash fans. Kettles develop after isolated, buried ice blocks melt away
beneath outwash sediments. Benn and Evans (2010) suggest that ice blocks responsible for
the resultant kettle hollows are sourced by two main processes: (1) detached remnants of a
retreating ice front, or (2) brought to a proglacial setting by high-velocity floodwaters
(Gustavson and Boothroyd, 1987; Russell, 1993; Fay, 2002a; Fay, 2002b). Any kettles in the
Munising and Grand Marais outwash fan complexes that might have formed from ice blocks
that detached from a retreating ice margin (process 1) would indicate that the LIS must
have advanced southward beyond the current Munising/Grand Marais upland, then
retreated northward and subsequently stagnated at the Munising/Grand Marais upland,
and deposited the extensive outwash fans that buried any detached ice blocks. This
scenario describes the conditions of Two Rivers glacial phase, during which the maximum
southern extent of the LIS was positioned in the Lower Peninsula of Michigan (Broecker
and Farrand, 1963; Kincare and Larson, 2009). The ice margin then progressively retreated
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northward into the UP, deposited the Newberry moraine, and then deposited the Munising
outwash fan complex.
During the Gribben interglacial phase, the LIS margin retreated north of the UP, and
then during the Marquette phase, the LIS readvanced back to the northern UP and
deposited the Grand Marais outwash fan complex. If kettles in the Grand Marais outwash
fans originated from ice blocks detached from a retreating ice margin (process 1), this
scenario would require that the LIS actually advanced to an unknown position south of the
Munising/Grand Marais upland, and any topographic remnants of the actual maximum
southern extent were buried or eradicated by the thick outwash deposits.
Conversely, ice blocks, rather than being detatched from the retreating LIS margin,
may have been transported to a proglacial setting and subsequently buried from highpressure/volume flooding from water and sediment expelled from tunnel valleys (process
2). In this scenario, the LIS margin would not necessarily have advanced beyond the
Munising/Grand Marais upland during the Marquette phase (since it has already been
established that the maximum position of the previous Two Rivers glacial phase was in the
Lower Peninsula). Instead, the maximum southern position during the Marquette phase
would be marked by the Munising/Grand Marais upland.
Perhaps the different kettle and topographic patterns of the Munising and Grand
Marais outwash fans resulted due to these different methods of ice block origin. The
hummocky kame and kettle surface may have resulted from the melting of isolated ice
blocks that were remnants of the retreating LIS margin buried beneath the Munising
outwash fans (process 1). The pitted outwash of the Grand Marais fans may have
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developed from high volume/velocity meltwater from episodic flooding through tunnel
valleys, which transported ice blocks to the southern glacial foreland (process 2).
Another possible explanation for topography differences between the Munising and
Grand Marais outwash fan complexes involves the concentration and the size of proglacial
ice blocks and outwash sediment volume. These factors may all have been greater during
Munising outwash deposition than during Grand Marais outwash deposition, perhaps in
response to higher water velocity. In this scenario, high floodwater velocity would have
transported a large concentration of ice blocks to the southern glacial foreland. Then, a high
volume of outwash sediment would be deposited between, and on top of, closely-spaced ice
blocks during Munising outwash fan development, building these areas to high elevations.
Following ice block melting, this sediment deposited between ice blocks remained as
kames, while the sediment above the ice blocks collapsed into kettles (topographic
inversion features). During Grand Marais outwash fan deposition, episodic floodwaters
would have been slightly less powerful than those during Munising fan deposition,
preventing Grand Marais outwash fans from fully reaching the elevations of the previouslydeposited Munising outwash. Fewer and/or smaller ice blocks would break off the glacial
margin and be more-widely dispersed; thus, when buried ice blocks melted away, outwash
collapsed into kettle depressions, lacking kames between them. Grand Marais outwash fans
show more heavily pitted regions interspersed in outwash fans that retain their original,
gently sloping depositional surfaces. This suggests that ice blocks may have been unevenly
distributed throughout the region, or, additional pitted areas may have been subsequently
covered by a later depositional event so that topographic expressions of kettle depressions

129

are no longer visible. However, in this case, buried kettle evidence (steeply-dipping normal
faults) would be visible in the subsurface sedimentary record.
Pitted terrain observed in the Grand Marais outwash fan complex is similarly
observed along kame terraces to the north, which suggests that these features formed
under similar conditions, likely from a common ice margin. This agrees with the
relationships observed between these features discussed in Blewett and Rieck (1987) and
Blewett (1994), concluding that these landforms developed as the Marquette ice front
retreated from the region.

Tunnel Valleys
Buried bedrock valleys that were confirmed (Au Train, Munising, Miners, and
Kingston) and discovered (Grand Marais, Blind Sucker 1, Blind Sucker 2, and Deer Park) in
the Pictured Rocks region share similar characteristics to tunnel valleys observed to the
north in the Lake Superior basin (Figure 5-2). Therefore, these buried bedrock valleys are
interpreted to represent southern extensions of the Lake Superior tunnel valleys. The Au
Train, Munising, and Kingston valleys terminate at the crest of the Grand Marais outwash
fan complex (Figure 5-2) and, therefore, do not continue through the UP and connect to the
northern Lake Michigan tunnel valleys, as Regis et al. (2004) proposed. The Miners valley
terminates just north of the Grand Marais outwash complex. The associated Miners
sluiceway crosscuts Grand Marais outwash fan sediments in the Indian Town quadrangle
(Plate 1). This suggests that the Miners valley was eroded following deposition of the Grand
Marais outwash. The Grand Marais valley terminates at the crest of the Munising outwash
fan complex (Figure 5-2). Difficult road access prevented farther southward delineation of
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the Deer Park valley, so it is currently undetermined if the Deer Park valley also terminates
at the Munising outwash fans, or if it continues through the UP and connects to the Lake
Michigan tunnel valleys. The dimensions of the Deer Park valley favor the hypothesis that
the Deer Park valley terminates at the Munising outwash fans, though additional HVSR
passive seismic data sites facilitated by off-road vehicles will be necessary to confirm this
hypothesis. The smaller Blind Sucker 1 and Blind Sucker 2 valleys terminate further north
of the Munising outwash fans near the present Lake Superior shoreline. There are no
surficial remnants of proglacial fans or sluiceways associated with either the Blind Sucker 1
or Blind Sucker 2 valleys. Due to their proximity to the lowest kame terrace, it is thought
that any outwash fans or sluiceways that once existed in association with the Blind Sucker
1 and Blind Sucker 2 valleys were eroded away with kame terrace development during
final deglaciation of the region.
Valley continuation onshore, along with the apparent termination at the crests of
the Grand Marais and Munising outwash fan complexes, supports interpretations by Regis
et al. (2003) that these extensive fans were deposited by sediment-laden meltwater
discharge from tunnel valley portals at ice-marginal positions. The large, westernmost
tunnel valleys (Au Train, Munising, and Kingston) terminate at the crest of the Grand
Marais outwash fan complex, and the large, easternmost tunnel valleys (Grand Marais and
Deer Park) seemingly terminate at the Munising outwash fans.
Valley profiles near the Lake Superior shoreline (Figure 4-11) show that the
Kingston, Grand Marais, and Deer Park valleys have asymmetrical profiles, and display
some of the greatest relief. The Munising valley also displays high relief but lacks
asymmetry. The western edge of the Au Train valley was not fully delineated along the
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shoreline, and so it remains unclear if this valley exhibits larger dimensions, like the
Munising, Kingston, Grand Marais, and Deer Park valleys. However, based on the
termination at the crest of the Grand Marais outwash fan complex, it is hypothesized that
the Au Train valley can be categorized with these large valleys. The asymmetry and high
relief of these large valleys (Munising, Kingston, Grand Marais, Deer Park, and likely Au
Train) may be attributed to multiple episodes of erosion, which deepened and widened
these large valleys substantially more than the others. This is discussed in more detail in
the following section.

Munising and Grand Marais Outwash OSL Dates
Cross-cutting relationships between the Munising and Grand Marais outwash and
the configuration of each of their southern fan limits indicate that Munising outwash is
older than Grand Marais outwash. Munising outwash fans graded into the Main phase of
former Lake Algonquin approximately 13 ka (e.g. Saarnisto, 1974; Karrow et al., 1975;
Blewett et al., 2014). The Grand Marais outwash fan complex is associated with the
maximum southern position of the Marquette glacial phase, which is dated to be
approximately 11 ka (e.g. Derouin et al., 2007; Walters, 2013; Blewett et al., 2014).
However, OSL age estimates from this study were opposite of these expected results.
Instead, Grand Marais outwash yielded an older minimum age estimate (15 ± 2 ka) than
Munising outwash (10.5 ± 1.4 ka).
Sediments of the Munising and Grand Marais outwash fan complexes were both
deposited in a glaciofluvial environment, thus, sediments were likely insufficiently
bleached by subaerial sunlight exposure before burial. This resulted in poor data quality,
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which significantly contributed to these unexpected results. Additionally, age estimates
could represent the advance or subsequent retreat of a single glacial event (which could
potentially span several hundred years); it is impossible to distinguish age estimates
associated with deposition (burial) during ice margin advance, stagnation, or retreat. Older
dates could indicate deposition during glacial advance while younger dates could indicate
deposition during retreat of that same ice front.
The Munising and Grand Marais outwash fan complexes compose a composite
upland in which cross-cutting and post-glacial surficial processes further complicate
sediment distribution. Sediments collected for OSL analysis could have been mistakenly
sampled above or below the intended features (too high or too low in section). Sample
locations were correctly sited Munising and Grand Marais outwash fan sediments
according to the surficial geology map; however, if samples were collected too high in the
section, OSL results would yield underestimated ages. This scenario could explain the
young 10.5 ka estimate of the Munising outwash. Conversely, if samples were collected too
low in the section, ages would be overestimated. Perhaps the sample of the Grand Marais
outwash was collected too deep, and the older Munising outwash was reached instead of
the intended Grand Marais outwash sediments.
These OSL age estimates that were completed as part of this research study are
considered provisional due to the insufficient bleaching of OSL sediment samples.
Providing a larger sample volume at several additional locations may reduce the
uncertainty in OSL age estimates. Radiocarbon dating is another option to explore, as it
may prove a more reliable method in this former glaciofluvial-dominated setting. Sandy
outwash sediments are not typically conducive to preserving organic material; however,
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the abundance of muck throughout the Pictured Rocks region may provide radiocarbon
dating opportunities. Muck likely began to accumulate very shortly following deglaciation,
so obtaining radiocarbon dates from the base of this material could provide a minimum age
estimate of various landforms that contain the muck. Increasing the chronologic database
of this region is essential to better provide an absolute timeframe to proposed glacial
events.
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CHAPTER 6
PROPOSED GLACIAL HISTORY OF THE PICTURED ROCKS REGION
Previous research, as discussed in Chapter 2, has provided a foundation to further
refine the glacial history of this region. This research study synthesizes the newly-mapped
surficial geology of the Pictured Rocks area with the new subsurface bedrock topography
data, and connects this information with the glacial history already established for the
eastern portion of Pictured Rocks (Blewett, 1994; Blewett et al., 2014) and the broader
central UP region (e.g. Drexler et al., 1983; Regis et al., 2003; Regis et al., 2004; Derouin,
2008; Walters, 2013). This has led to a more comprehensive interpretation of the glacial
dynamics responsible for producing both the subsurface and subaerial glacial landforms
throughout the Pictured Rocks region.
The following subsections describe interpretations of the LIS margin position from
the Two Rivers phase until final deglaciation from the maximum southern ice margin
position of the Marquette phase, during which the glacial landforms in the Pictured Rocks
area developed. Figures 6-1 through 6-8 display a schematic of this interpreted glacial
history of the LIS in the Pictured Rocks region. This interpretation covers a broader area
than that mapped in this study; therefore, ice positions and landform correlations beyond
the mapped area are displayed with a question mark and are considered provisional. To
accommodate the broad area included in this glacial reconstruction, Figures 6-1 through 68 contain generalized annotations depicting landform morphology, and small landforms
(i.e. eskers) may not all be outlined. The surficial geology map (Plate 1), however, presents
the details of all landforms featured in this reconstruction.
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Two Rivers Glacial Phase
The maximum southern extent of the LIS margin during the Two Rivers glacial
phase reached the northern portion of the Lower Peninsula of Michigan approximately 13.6
ka (Broecker and Farrand, 1963; Kincare and Larson, 2009). This ice position likely
corresponds to the southern extent of the northern Lake Michigan tunnel valleys; thus,
these features likely developed during this phase. The Two Rivers ice margin retreated
northward from the northern Lake Michigan valleys, stagnated at the present position of
the Newberry moraine, and then retreated further north and stagnated at the
Munising/Grand Marais upland (Figure 6-1) approximately 13 ka (Blewett et al., 2014).
Meanwhile, Lake Algonquin was expanding northward with the receding ice margin.
While the ice margin was positioned along the Munising upland, the Main phase of
Lake Algonquin inundated much of the eastern UP, and the largest regional tunnel valleys
(Munising, Kingston, Grand Marais, and Deer Park) are interpreted to have developed in
the Lake Superior basin during this time (Figure 6-1). Release of pressurized, subglacial
meltwater first eroded tunnel valleys into the bedrock, and then deposited sediment as
meltwater exited from beneath the ice at the glacial margin, building the Munising outwash
fan complex. These fans graded into the Main phase of Lake Algonquin approximately 13 ka
(Saarnisto, 1974; Karrow et al., 1975; Blewett et al., 2014). The dimensions and
characteristics of the Au Train valley suggest synchronous development with the other
large tunnel valleys during this time, but further subsurface and surficial mapping coverage
(especially to the west) is necessary to confirm this hypothesis.
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Figure 6-1. The LIS margin position in the central-eastern UP approximately 13 ka during the Two Rivers phase. Munising outwash fans
were deposited and graded into the Main Phase of Lake Algonquin (shoreline position adapted from Drzyzga et al. (2012) and Blewett et
al. (2014)). The largest regional tunnel valleys (labeled) are thought to have initially developed during this time, as well as drumlins.

Drumlins now observed in the Melstrand quadrangle may have developed during
the Two Rivers glacial phase and were subsequently reworked and/or buried by meltwater
and outwash sediments following a subsequent glacial cycle (LIS readvance and final
retreat during the Marquette phase, discussed in the subsections below). Additionally,
eskers may have also been deposited during this time, and also potentially eradicated by
later outwash deposition.

Gribben Interglacial Phase
The glacial margin retreated to an unknown position north of present-day Lake
Gribben (Figure 2-2) for approximately 2,000 years during the Gribben interglacial phase
before readvancing during the Marquette glacial phase. The Gribben forest grew in the
Lake Gribben area and was subsequently buried by proglacial outwash sediments during
the Marquette phase (Hack, 1965; Black, 1976; Hughes and Merry, 1978; Regis, 1997;
Lowell et al., 1999).
Two possible LIS margin positions during the Gribben phase have been proposed.
The first hypothesis suggests that the LIS retreated to the northern shores of Lake Superior
(Clayton, 1983; Drexler et al., 1983; Teller and Thorleifson, 1983). This was necessary for
the Lake Superior basin to be exposed and receive hypothesized catastrophic drainage
from Lake Agassiz (northwest of the Lake Superior basin; e.g. Teller and Thorleifson, 1983;
Teller, 1990; Leverington et al., 2000; Breckenridge, 2007; Carlson and Clark, 2012). This
position would imply that the ice margin must have readvanced approximately 250 km
(155 mi), across most of the Lake Superior basin during the following Marquette phase.

138

The second hypothesis suggests that the LIS occupied most of the Lake Superior
basin during the Gribben interglacial phase, which forced catastrophic Lake Agassiz
drainage north of the Lake Superior basin (e.g. Teller et al., 2005; Tarasov and Peltier,
2006; Lowell et al., 2009). As such, it remains undetermined how extensive glacial retreat
was during the Gribben phase, and where exactly the LIS margin was positioned during this
time.

The Younger Dryas
The Younger Dryas represents an abrupt, widespread climate-cooling event
throughout North America and Western Europe from approximately 12.9 to 11.7 ka (e.g.
Clayton and Moran, 1982; Drexler et al., 1983; Dyke, 2004). This cooling event falls within
the Gribben interglacial phase, which represents the time period after the LIS margin
retreated northward from the Munising outwash fan complex and Lake Algonquin water
levels dropped to post-Main phases (after 13 ka). The Gribben phase lasted until ice
readvanced southward during the Marquette glacial phase, which is interpreted to have
reached its maximum southern position approximately 11 ka (Derouin et al., 2007;
Walters, 2013). This suggests that, at least throughout the central UP region, the LIS margin
did not advance in response to climatic forcing during the Younger Dryas; instead, the LIS
margin was either retreating, stagnant, or perhaps slightly oscillating during the Younger
Dryas. This is consistent with regional findings from Lowell et al. (2009) and Walters
(2013), who conclude that the LIS margin retreated in a step-wise manor through the
western UP during the Younger Dryas.
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The Younger Dryas concluded approximately 700 years prior to the Marquette ice
front reaching its maximum southern position, which is interpreted as the Marquette
moraine in the central-western UP (Figure 2-2) and the crest of the Grand Marais outwash
fan complex in the central-eastern UP. Ice advance associated with the Marquette phase
may have actually initiated near the end of the Younger Dryas cold period after a potential
lag between the onset of cold climate conditions and glacial advance response. However,
current chronology suggests that much of the Younger Dryas cold climate period actually
occurred during the Gribben interglacial phase, and at least much the glacial advance that
occurred during the Marquette phase did not happen during the cool climate of the
Younger Dryas.

Marquette Glacial Phase
The LIS margin readvanced into the northern UP region and, once again, stagnated
at the Munising/Grand Marais upland approximately 11 ka (Figure 6-2; e.g. Derouin et al.,
2007; Walters, 2013). It is likely that the Cambro-Ordovician bedrock cuesta acted as a
natural hindrance to southward glacial motion, which caused repeated glacial stagnation at
this same position. The Marquette phase includes both glacial readvance, and then final LIS
retreat from the UP.
Following terminology and interpretations established by Blewett (1994), the
maximum southern position of the LIS margin during the Marquette phase corresponds to
the Upper Kingston position (Figure 6-2). Blewett (1994) also describes the Lower
Kingston (Figures 6-3 through 6-5) and Beaver Basin positions (Figures 6-6 and 6-7) to
represent additional locations of significant ice margin stagnation. These terms are also
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adopted in this reconstruction for consistency. Additionally, the Grand Portal Point position
(Figure 6-8) is established to describe the final LIS margin position in the Pictured Rocks
area. Interpreted ice margin positions associated with deglaciation from the Marquette
phase (Upper Kingston through Grand Portal Point) are summarized and presented in
Figure 6-9.

Upper Kingston Position
Figures 6-2 and 6-9 display the interpreted location of the Upper Kingston position.
This position is extended westward in this study by identifying and mapping the subtle
diamicton ridges in the western quadrangles (Indian Town, Melstrand, Wood Island SE, and
Grand Portal Point; Plate 1). In the east, the actual ice margin location of the Upper
Kingston position may have been slightly further north, but topographic evidence of this
was subsequently eliminated during later kame terrace development. However, this
hypothesis is not yet confirmed, so the position presented in this study largely traces that
as proposed by Blewett (1994).
Pressurized, sediment-laden, subglacial meltwater was transported through the
previously established Munising, Kingston, Grand Marais, Deer Park, and likely Au Train
tunnel valleys to the glacial margin, where sediment was deposited as the Grand Marais
outwash fans (Figure 6-2). These tunnel valleys served as preferential meltwater pathways
and were widened and deepened with resumed erosion (Jørgensen and Sandersen, 2006;
Kehew et al., 2012b). In the western quadrangles, Munising outwash sediments that may
have been previously deposited in these areas were either eroded by meltwater, or were
buried by Grand Marais outwash sediments, since Munising outwash fans are not presently
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Figure 6-2. The Upper Kingston position of the LIS margin approximately 11 ka during the Marquette phase. The Grand Marais outwash
fans were deposited through the previously-established tunnel valleys (labeled). Several eskers were deposited, and the M-77 sluiceway
was active during this time. Small push moraines (white dashed lines) designate minor ice margin positions before the Upper Kingston.

observed on the surface in these quadrangles. The intricacies of crosscutting sediment
patterns of the Munising and Grand Marais outwash is best viewed in the Au Sable Point
SW and SE quadrangles (Plate 1). Grand Marais outwash fans span the entire width of the
UP and graded to a much lower elevation (likely Lake Chippewa, a low-water level of
ancestral Lake Michigan) than the Munising outwash fans (Blewett et al., 2014).
The Marquette moraine (central-western UP; Figure 2-2) is interpreted as the
westward extension of the Upper Kingston position, supporting hypotheses that suggest
synchronous development of the Marquette moraine and the Grand Marais outwash fan
complex (e.g. Drexler et al., 1983; Blewett et al., 2014). The M-77 sluiceway crosscuts
Munising outwash fan deposits (Figure 6-2; Plate 1), and is, therefore, also interpreted to
have formed synchronously with the Grand Marais outwash fans when the LIS margin was
located along the Upper Kingston position.
A series of relatively closely spaced push moraines (small diamicton ridges) are
located to the southeast of the interpreted Upper Kingston position in the Melstrand
quadrangle (Plate 1). These features are interpreted to represent short-term oscillations of
the ice margin during overall retreat. Because these features are considered shorter-term
rather than significant, longer-term ice positions, they are termed “pre” Upper Kingston
positions (Figures 6-2 and 6-9). These push moraine positions also indicate a slight
counterclockwise rotational component to the overall ice margin retreat in this area.
Several eskers are evident in the western quadrangles and often occur near the
Upper Kingston, Lower Kingston, and Beaver Basin ice margin positions (Figures 6-2 and 69; Plate 1). Most (and perhaps all) of these eskers are interpreted to have developed during
the Marquette glacial phase near these glacier margin positions. The relatively small
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subaerial area associated with the Grand Portal Point position is the only interpreted ice
margin position that lacks associated eskers.

Lower Kingston Position
The ice margin retreated to the Lower Kingston position (Figures 6-3 through 6-5,
and 6-9) after depositing much of the extensive Grand Marais outwash fan network.
Meltwater drainage in the eastern quadrangles shifted from a southward direction
(perpendicular to the ice margin) to an eastward direction (parallel to the ice margin) as
the series of kame terraces developed. Kame terrace 1 (the highest elevation kame terrace
surface, mapped as Qkt1) developed first (Figure 6-3), potentially eliminating terrain
associated with the Upper Kingston position. A teardrop-shaped residual hill (e.g. Kehew
and Lord, 1986; Baker et al., 1987) straddles the Grand Sable Lake and Grand Marais
quadrangles (Plate 1). This streamlined feature developed as meltwater formed the highest
kame terrace and points in the direction of meltwater flow (eastward; e.g. Kehew and Lord,
1986; Baker et al., 1987). While the ice margin was still located along this Lower Kingston
position, the slightly lower elevation kame terrace 2 (Qkt2) in the eastern quadrangles was
incised into kame terrace 1 (Figure 6-4), and kame terrace 1 was then subsequently
abandoned. Kame terrace 3 (Qkt3) was then incised into kame terrace 2 (Figure 6-5),
which was also abandoned as meltwater flow occupied these lower elevations.
The Blind Sucker 1 and Blind Sucker 2 tunnel valleys appear to terminate at the
Lower Kingston position (Figures 6-3 through 6-5). Possible outwash fans or channels
formed by pressurized meltwater flow through these smaller tunnel valleys were either
eroded by later meltwater flow or buried by kame terrace deposits. Additionally, kame
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Figure 6-3. The Lower Kingston position of the LIS margin. The Miners and Blind Sucker 1 and 2 valleys formed during this time, along
with the Miners, Wetmore, and Au Train-Whitefish (AT-W) sluiceways. Meltwater flow shifted from southward to eastward in the eastern
quadrangles, forming the highest tame terrace (Qkt1). Outwash sediments buried the southernmost segments of tunnel valleys.
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Figure 6-4. The Lower Kingston position of the LIS margin while kame terrace 2 (Qkt2) developed. Meltwater incised into the Qkt1
surface. Qkt1 was abandoned when lower elevation was uncovered/eroded.
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Figure 6-5. The Lower Kingston position of the LIS margin while kame terrace 3 (Qkt3) developed. Meltwater incised into the Qkt2
surface. Higher elevation kame terrace surfaces were abandoned when lower elevation was uncovered/eroded.

terrace outwash deposits also buried the southern segments of the large tunnel valleys
extending southward beyond the Lower Kingston ice margin position.
The Long Lake sluiceway (Figures 6-3 through 6-5) developed as meltwater eroded
through the crest of the previously deposited Grand Marais outwash sediments. There may
be a buried tunnel valley north of, and leading to, the Long Lake channel, but additional
passive seismic data are required near present-day Beaver Lake to confirm this hypothesis.
In the western quadrangles, the Miners tunnel valley is interpreted to have developed
while the ice margin was located along this Lower Kingston position. The associated Miners
sluiceway (Figures 6-3 through 6-5) eroded previously deposited Grand Marais outwash.
Additionally, the Wetmore and Au Train-Whitefish sluiceways (Figures 6-3 through 6-5)
are also interpreted to have formed during this time. Previous studies indicate that the Au
Train-Whitefish sluiceway carried water from Lake Duluth, which occupied the western
portion of the Lake Superior basin at this time, to Lake Chippewa in the Lake Michigan
basin (Hough, 1955; Hughes, 1989). It is likely that the Au Train tunnel valley became a
preferential pathway for drainage from Lake Duluth that ultimately resulted in the Au
Train-Whitefish sluiceway.

Beaver Basin Position
The ice margin retreated northward to the Beaver Basin position (Figures 6-6, 6-7,
and 6-9). This uncovered lower terrain for meltwater flow along kame terrace 4 (Qkt4;
Figure 6-6) in the eastern quadrangles, again, abandoning the higher elevation kame
terraces. Kame terrace 5 (Qkt5) was incised into kame terrace 4 in the east (Figure 6-7),
and this kame terrace development continued to bury proglacial tunnel valley segments.
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Figure 6-6. The Beaver Basin position of the LIS margin. In the west, the stacked push moraine was formed, and the trail of small, single
push moraines (white dashed line) suggests a slight retreat to the north during this time. Kame terrace 4 (Qkt4) developed in the east
along lower exposed terrain. Outwash continued to bury southernmost portions of tunnel valleys in front (south) of the glacier margin.
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Figure 6-7. The Beaver Basin position of the LIS margin while kame terrace 5 (Qkt5) developed. Meltwater incised into the Qkt4 surface
(which was consequently abandoned).

The large, stacked push moraine in the Indian Town quadrangle (Figures 6-6 and 6-7)
likely formed as the ice margin was located along this Beaver Basin position. The pattern of
small push moraines in the western quadrangles indicates a slight clockwise rotational
component to the minor ice margin retreat during this time (the earlier ice margin position
is represented by the dashed line in Figures 6-6, 6-7, and 6-9).

Grand Portal Point Position
The Grand Portal Point position (Figures 6-8 and 6-9) represents the final subaerial
location of the LIS in the Pictured Rocks region, and likely also in the entire UP. The ice
margin was situated on top of present-day Grand Portal Point and extended into the Lake
Superior basin approximately 15 km (10 mi) north of the present UP shoreline, interpreted
from current bathymetry. Bedrock gorges that currently contain Chapel Lake and Little
Chapel Lake are interpreted to have been carved by meltwater during this time (Blewett,
1994). Additionally, kame terrace 6 (Qkt6), the lowest elevation kame terrace in this
region, was formed while the ice margin was located along this Grand Portal Point position
(Figure 6-8). Subsequent sedimentation continued to bury proglacial tunnel valley
segments, which has obscured their trace in the present geomorphic setting.
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Figure 6-8. The Grand Portal Point position of the LIS margin. Bedrock gorges were eroded near the present Lake Superior coast in the
west, and connect to kame terrace 6 (Qkt6), which developed in the east along lower exposed terrain. Outwash sediments continued to
bury the southernmost segments of tunnel valleys.
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Figure 6-9. A summary of the interpreted ice margin positions associated with final deglaciation of the LIS from the central-eastern UP
during the Marquette phase.

CHAPTER 7
SUMMARY AND CONCLUSIONS
Surficial Geology of the Pictured Rocks Region
This research study provides a new, 1:24,000-scale surficial geology map of the ten
7.5-minute quadrangles containing Pictured Rocks National Lakeshore. This map was
created by integrating glacial sediment analysis and interpretations from traditional field
studies, high-resolution LiDAR digital elevation data, aerial imagery, and newly-collected
subsurface bedrock topography data. Plate 1 is the surficial geology map that was produced
as part of this study.
The western quadrangles (Indian Town, Melstrand, Wood Island SE, and Grand
Portal Point) display subtle subglacial and ice-marginal landforms such as drumlins, eskers,
and low-relief diamicton ridges that are interpreted as small push moraines. These features
are largely underlain by undifferentiated thin sediment, averaging less than approximately
5 m (16 ft), covering shallow bedrock. These subtle landforms appear to be segmented by
later deposition of the Grand Marais outwash fan complex.
The eastern quadrangles (Trappers Lake, Au Sable Point SW, Au Sable Point SE, Au
Sable Point, Grand Sable Lake, and Grand Marais) display larger glaciofluvial landforms
that are composed of thicker accumulations outwash sediments. Textural analysis did not
indicate significant sedimentological differences between Munising and Grand Marais
outwash, but each complex exhibits distinct topographic patterns that is useful for surficial
delineation. Munising outwash fans are characterized by hummocky kame and kettle
topography, whereas Grand Marais outwash fans display smooth topography with areas of
154

pitted (kettled) terrain. The series of kame terraces north of the Munising and Grand
Marais outwash fan complexes slope gently eastward and mimic similar topographic
patterns of the Grand Marais outwash fans. Following deglaciation, Holocene beach sand
accumulated at various locations along the present Lake Superior coastline in both the
western and eastern quadrangles.

Buried Tunnel Valleys
New subsurface data acquired with the HVSR passive seismic method provided
reliable sediment thickness and bedrock topography estimates throughout the Pictured
Rocks region. At least eight buried (or partially-buried) bedrock valleys occur in the region
and are interpreted as southern extensions of the network of tunnel valleys incised into the
floor of the eastern Lake Superior basin. From west to east, these valleys are termed the Au
Train, Munising, Miners, Kingston, Grand Marais, Blind Sucker 1, Blind Sucker 2, and Deer
Park. The westernmost set of tunnel valleys (Au Train, Munising, Miners, and Kingston)
display surficial topographic expressions, and previous studies speculated their subsurface
presence (Blewett and Rieck, 1987; Regis et al., 2003; Derouin, 2008). These westernmost
set of bedrock valleys are confirmed and delineated in this study. The easternmost set of
tunnel valleys (Grand Marais, Blind Sucker 1, Blind Sucker 2, and Deer Park) do not display
surficial topographic indicators and are newly discovered in this research study.
The Au Train, Munising, Kingston, and Grand Marais valleys terminate at the crest of
the Munising/Grand Marais upland, while the Miners, Blind Sucker 1, and Blind Sucker 2
valleys terminate slightly farther north. This information indicates that, in the Pictured
Rocks region, the Lake Superior tunnel valleys and Lake Michigan tunnel valleys do not
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connect and are, therefore, separate tunnel valley systems. The southern extent of the Deer
Park valley was not delineated in this study, so it remains undetermined if the Deer Park
valley also terminates at the crest of the Munising outwash fan complex, or if it continues
through the UP and connects to the Lake Michigan tunnel valley network. In this study, the
Deer Park valley is thought to end at the Munising outwash fan complex, but additional
HVSR passive seismic data sites are necessary to confirm this interpretation.
These eight tunnel valleys occurring in the Pictured Rocks region are interpreted to
have directed pressurized, sediment-laden meltwater to the LIS margin during the Two
Rivers glacial phase (approximately 13 ka) and/or the Marquette glacial phase
(approximately 11 ka). The largest valleys (Munising, Kingston, Grand Marais, Deer Park,
and likely Au Train) are interpreted to have initially developed during the Two Rivers
phase. The Munising outwash fan complex was deposited along the terminal ends of these
valleys during this time. The larger dimensions of the Munising, Kingston, Grand Marais,
Deer Park, and likely Au Train valleys (compared to the Miners, Blind Sucker 1, and Blind
Sucker 2 valleys) are attributed to resumed erosion during the Marquette phase, as these
valleys were previously-established (during the Two Rivers phase) and, thus, likely served
as preferential meltwater pathways during this subsequent glacial phase and so were
further eroded (deepened and widened). During the Marquette phase, the Grand Marais
outwash fan complex was deposited along the terminal ends of these large valleys. Grand
Marais outwash cross-cuts the previously deposited Munising outwash in the eastern
quadrangles, while in the western quadrangles, Munising outwash fans were either buried
by Grand Marais outwash, or eroded by meltwater. The remaining, smaller tunnel valleys
(Miners, Blind Sucker 1, and Blind Sucker 2) terminate slightly north of the crests of the
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Munising and Grand Marais outwash fan complexes. These smaller tunnel valleys are
interpreted to have formed in association with the various positions of the LIS margin
during final regional retreat at the end of the Marquette phase.

Optically Stimulated Luminescence Age Estimates
Optically Stimulated Luminescence (OSL) dating was performed on two sediment
samples, one from the crest of the Munising outwash fan complex, and the other from the
crest of the Grand Marais outwash fan complex. Due to the glaciofluvial depositional
environment of these outwash fan complexes, sediments were insufficiently bleached for
reliable OSL age estimates, and so results are considered provisional. The OSL age
estimates yielded results opposite of the expectations that the Grand Marais outwash is
younger than the Munising outwash: the Munising outwash sample yielded a minimum age
of 10.5 ± 1.4 ka, while the Grand Marais outwash sample minimum age was estimated at 15
± 2 ka. Insufficient bleaching and low luminescence intensities recorded from each
sediment sample account for the large uncertainties and provisional OSL minimum age
estimates. Future sampling would benefit from an increased sediment sample volume,
which would possibly increase the number of grains suitable for OSL analysis, and thus,
reduce the uncertainty of age estimates. Radiocarbon dating of basal organics within areas
of muck should also be explored in future research investigations in this region.

Interpreted Glacial History of the Pictured Rocks Region
Sediment patterns and landform interpretations have facilitated a reconstruction of
glacial events that sculpted much of the Pictured Rocks and central-eastern UP regional
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landscape. Following retreat from its maximum southern extent during the Two Rivers
phase, the LIS margin reached the UP and stagnated at the Newberry moraine, then
retreated and stagnated at the Munising/Grand Marais upland. The largest tunnel valleys
(Munising, Kingston, Grand Marais, Deer Park, and likely Au Train) are interpreted to have
developed at this time, depositing the Munising outwash fans beyond their southern
terminus (Regis et al., 2003). These fans graded into the Main phase of Lake Algonquin
approximately 13 ka (Blewett et al., 2014). Subglacial landforms (i.e. drumlins) in the
western quadrangles may have developed during this time.
The LIS margin then retreated northward to an undetermined position during the
Gribben phase, which chronologically corresponds to the Younger Dryas cold climate
period. Following the conclusion of the Younger Dryas, the ice margin readvanced during
the Marquette phase. The maximum southern extent of the LIS margin during the
Marquette phase is assigned to both the Marquette moraine in the central-western UP, and
the crest of the Grand Marais outwash fan complex in the Pictured Rocks region (centraleastern UP). Radiocarbon dates from the buried Gribben forest date the Marquette phase at
approximately 11 ka (e.g. Derouin et al., 2007; Walters, 2013). Following terminology
established by Blewett (1994), the maximum southern position of the LIS margin during
the Marquette phase corresponds to the Upper Kingston ice margin position. While the LIS
margin was located along this position, the Grand Marais outwash fans were deposited by
episodic meltwater bursts channeled through the previously-established tunnel valleys
(Munising, Kingston, Grand Marais, Deer Park, and likely Au Train). This further eroded
and enlarged these valleys. The M-77 sluiceway was active during this time. In the western
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quadrangles, subtle features, such as eskers and small push moraines, developed and were
partially buried by outwash fan deposition and/or reworked by meltwater.
The LIS margin slightly retreated and then stagnated at the Lower Kingston position
(Blewett, 1994). The Miners, Blind Sucker 1, and Blind Sucker 2 valleys as well as the Au
Train-Whitefish, Wetmore, Miners, and Long Lake sluiceways formed during this time. The
highest kame terraces began to develop in the east as meltwater started to flow eastward
when lower terrain was uncovered. Meltwater was channeled between the ice margin to
the north and the crests of the Munising and Grand Marais outwash fans to the south.
Sediment deposition during kame terrace development began to bury the southernmost
portions of the large tunnel valleys.
After further northward retreat, the ice margin stagnated at the Beaver Basin
position (Blewett, 1994). Lower kame terraces formed along the newly-exposed lower
elevation terrain, and sediment deposition continued to bury southernmost segments of
tunnel valleys. The stacked push moraine is interpreted to have developed in the west,
along with trails of associated, smaller push moraines.
The LIS margin, again, retreated northward and then stagnated at the Grand Portal
Point position. Most of the ice margin was located approximately 15 km (10 mi) offshore in
the Lake Superior basin, though a small portion covered present-day Grand Portal Point.
Meltwater carved bedrock gorges and formed the lowest elevation kame terrace while the
ice was located along this position. Following deglaciation, post-glacial sediments
accumulated in various locations along the Pictured Rocks coastline.
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Concluding Remarks
Together, the glacial events described in this study laid the foundation of the
popular Pictured Rocks landscape. Examining greater details of sediment-landform
assemblages and the subsurface bedrock topography has led to a more comprehensive
understanding of the glacial processes that contributed to the Pictured Rocks landscape
development and evolution. Extending surficial mapping and HVSR passive seismic data
coverage throughout the UP in addition to refining the chronology of the Pictured Rocks
region will facilitate broader regional correlations in the UP. This is a continual effort
towards further refining the interpretations of the LIS dynamics, sediment-landform
assemblages, and processes of landscape development throughout the UP and Upper Great
Lakes region.
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Geographic Abbreviations Used in this Research Study

PIRO = Pictured Rocks National Lakeshore
ALG = Alger County
LUC = Luce County
UP = Upper Peninsula

Quadrangle abbreviations:
IT = Indian Town
M = Melstrand
WISE = Wood Island SE
GPP = Grand Portal Point
TL = Trappers Lake
ASPSW = Au Sable Point SW
ASPSE = Au Sable Point SE
ASP = Au Sable Point
GSL = Grand Sable Lake
GM = Grand Marais
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

20.0

20.0

5.01

5.01

Gravel

2

#10

-1

13.3

33.3

3.33

8.34

Very
Coarse

1

#18

0

19.6

52.9

4.91

13.25

Coarse

0.5

#35

1

70.0

122.9

17.54

30.79

Medium

0.25

#60

2

196.2

319.1

49.15

79.93

Fine

0.125

#120

3

63.8

382.9

15.98

95.92

Very
Fine

0.0625

#230

4

8.2

391.1

2.05

97.97

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-08

≥5

8.1

399.2

2.03

100.00

Total Weight of
Sieve Fraction:
399.2 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.73%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

3.7

3.7

0.93

0.93

Gravel

2

#10

-1

2.0

5.7

0.50

1.43

Very
Coarse

1

#18

0

9.6

15.3

2.40

3.83

Coarse

0.5

#35

1

107.2

122.5

26.83

30.66

Medium

0.25

#60

2

261.9

384.4

65.54

96.20

Fine

0.125

#120

3

14.8

399.2

3.70

99.90

Very
Fine

0.0625

#230

4

0.3

399.5

0.08

99.97

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-50

≥5

0.1

399.6

0.03

100.00

Total Weight of
Sieve Fraction:
399.6 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.83%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

29.4

29.4

10.15

10.15

Gravel

2

#10

-1

5.9

35.3

2.04

12.19

Very
Coarse

1

#18

0

10.1

45.4

3.49

15.68

Coarse

0.5

#35

1

24.6

70.0

8.49

24.17

Medium

0.25

#60

2

101.0

171.0

34.88

59.05

Fine

0.125

#120

3

83.1

254.1

28.69

87.74

Very
Fine

0.0625

#230

4

33.3

287.4

11.50

99.24

Silt

0.004

Clay

0.002

Pan

Sample #:
IT-27

≥5

2.2

289.6

0.76

100.00

Total Weight of
Sieve Fraction:
289.6 g

Sand

Dry Sample Weight
(before sieving):
290.5 g

Fines

Dry Weight
Percent:
99.69%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

100.9

100.9

32.15

32.15

Gravel

2

#10

-1

31.8

132.7

10.13

42.29

Very
Coarse

1

#18

0

26.6

159.3

8.48

50.76

Coarse

0.5

#35

1

42.2

201.5

13.45

64.21

Medium

0.25

#60

2

72.1

273.6

22.98

87.19

Fine

0.125

#120

3

26.6

300.2

8.48

95.67

Very
Fine

0.0625

#230

4

6.5

306.7

2.07

97.74

Silt

0.004

Clay

0.002

Pan

Sample #:
M-12

≥5

7.1

313.8

2.26

100.00

Total Weight of
Sieve Fraction:
313.8 g

Sand

Dry Sample Weight
(before sieving):
314.7 g

Fines

Dry Weight
Percent:
99.71%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

1.3

1.3

0.37

0.37

Gravel

2

#10

-1

3.4

4.7

0.96

1.33

Very
Coarse

1

#18

0

9.4

14.1

2.66

3.99

Coarse

0.5

#35

1

79.4

93.5

22.45

26.44

Medium

0.25

#60

2

202.2

295.7

57.18

83.63

Fine

0.125

#120

3

35.4

331.1

10.01

93.64

Very
Fine

0.0625

#230

4

21.6

352.7

6.11

99.75

Silt

0.004

Clay

0.002

Pan

Sample #:
IT-02

≥5

0.9

353.6

0.25

100.00

Total Weight of
Sieve Fraction:
353.6 g

Sand

Dry Sample Weight
(before sieving):
354.0 g

Fines

Dry Weight
Percent:
99.89%
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Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

34.6

34.6

8.68

8.68

Gravel

2

#10

-1

11.7

46.3

2.94

11.62

Very
Coarse

1

#18

0

17.6

63.9

4.42

16.03

Coarse

0.5

#35

1

53.1

117.0

13.32

29.35

Medium

0.25

#60

2

141.6

258.6

35.52

64.88

Fine

0.125

#120

3

94.7

353.3

23.76

88.46

Very
Fine

0.0625

#230

4

19.7

373.0

4.94

93.58

Silt

0.004

Clay

0.002

≥5

Total Weight of
Sieve Fraction:
398.6 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.55%

192

23.9
1.7

396.9
398.6

5.99
0.43

100.00

phi Value
ɸ

6.42

Sieve

398.6

Particle
size (mm)

25.6

Classification

Pan

Sample #:
ASPSE-18

99.57
100.00

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

20.4

20.4

5.10

5.10

Gravel

2

#10

-1

19.4

39.8

4.85

9.95

Very
Coarse

1

#18

0

27.1

66.9

6.78

16.73

Coarse

0.5

#35

1

67.8

134.7

16.95

33.68

Medium

0.25

#60

2

200.5

335.2

50.13

83.80

Fine

0.125

#120

3

39.6

374.8

9.90

93.70

Very
Fine

0.0625

#230

4

24.3

399.1

6.08

99.78

Silt

0.004

Clay

0.002

Pan

Sample #:
TL-41

≥5

0.9

400.0

0.23

100.00

Total Weight of
Sieve Fraction:
400.0 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.88%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

5.8

5.8

1.45

1.45

Gravel

2

#10

-1

6.6

12.4

1.65

3.10

Very
Coarse

1

#18

0

23.1

35.5

5.78

8.88

Coarse

0.5

#35

1

78.9

114.4

19.73

28.61

Medium

0.25

#60

2

225.6

340.0

56.41

85.02

Fine

0.125

#120

3

56.4

396.4

14.10

99.12

Very
Fine

0.0625

#230

4

2.9

399.3

0.73

99.85

Silt

0.004

Clay

0.002

Pan

Sample #:
GSL-05

≥5

0.6

399.9

0.15

100.00

Total Weight of
Sieve Fraction:
399.9 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.85%

194

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

20.2

20.2

5.05

5.05

Gravel

2

#10

-1

2.4

22.6

0.60

5.65

Very
Coarse

1

#18

0

11.7

34.3

2.93

8.58

Coarse

0.5

#35

1

96.1

130.4

24.04

32.62

Medium

0.25

#60

2

199.0

329.4

49.77

82.39

Fine

0.125

#120

3

62.8

392.2

15.71

98.10

Very
Fine

0.0625

#230

4

4.3

396.5

1.08

99.17

Silt

0.004

Clay

0.002

Pan

Sample #:
M-15

≥5

3.3

399.8

0.83

100.00

Total Weight of
Sieve Fraction:
399.8 g

Sand

Dry Sample Weight
(before sieving):
400.6 g

Fines

Dry Weight
Percent:
99.80%

195

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

16.2

16.2

4.06

4.06

Gravel

2

#10

-1

8.7

24.9

2.18

6.24

Very
Coarse

1

#18

0

16.6

41.5

4.16

10.41

Coarse

0.5

#35

1

60.0

101.5

15.05

25.45

Medium

0.25

#60

2

120.9

222.4

30.32

55.77

Fine

0.125

#120

3

46.9

269.3

11.76

67.53

Very
Fine

0.0625

#230

4

90.3

359.6

22.64

90.17

Silt

0.004

Clay

0.002

≥5

Total Weight of
Sieve Fraction:
398.8 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.63%

196

35.2
4.0

394.8
398.8

8.82
1.01

100.00

phi Value
ɸ

9.83

Sieve

398.8

Particle
size (mm)

39.2

Classification

Pan

Sample #:
M-45

98.99
100.00

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

22.2

22.2

9.54

9.54

Gravel

2

#10

-1

4.7

26.9

2.02

11.56

Very
Coarse

1

#18

0

5.9

32.8

2.54

14.10

Coarse

0.5

#35

1

26.7

59.5

11.47

25.57

Medium

0.25

#60

2

77.9

137.4

33.48

59.05

Fine

0.125

#120

3

64.5

201.9

27.72

86.76

Very
Fine

0.0625

#230

4

16.7

218.6

7.18

93.94

Silt

0.004

Clay

0.002

≥5

Total Weight of
Sieve Fraction:
232.7 g

Sand

Dry Sample Weight
(before sieving):
233.4 g

Fines

Dry Weight
Percent:
99.70%

197

13.3
0.8

231.9
232.7

5.72
0.34

100.00

phi Value
ɸ

6.06

Sieve

232.7

Particle
size (mm)

14.1

Classification

Pan

Sample #:
M-20

99.66
100.00

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

13.0

13.0

3.25

3.25

Gravel

2

#10

-1

9.6

22.6

2.40

5.65

Very
Coarse

1

#18

0

19.1

41.7

4.78

10.43

Coarse

0.5

#35

1

73.6

115.3

18.41

28.84

Medium

0.25

#60

2

125.7

241.0

31.44

60.28

Fine

0.125

#120

3

68.4

309.4

17.11

77.39

Very
Fine

0.0625

#230

4

87.2

396.6

21.81

99.20

Silt

0.004

Clay

0.002

Pan

Sample #:
GPP-27

≥5

3.2

399.8

0.80

100.00

Total Weight of
Sieve Fraction:
399.8 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.83%

198

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.4

0.4

0.10

0.10

Coarse

0.5

#35

1

16.9

17.3

4.22

4.32

Medium

0.25

#60

2

207.0

224.3

51.52

56.05

Fine

0.125

#120

3

161.5

385.8

40.35

96.40

Very
Fine

0.0625

#230

4

13.6

399.4

3.40

99.80

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-06

≥5

0.8

400.2

0.20

100.00

Total Weight of
Sieve Fraction:
400.2 g

Sand

Dry Sample Weight
(before sieving):
400.6 g

Fines

Dry Weight
Percent:
99.90%

199

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

1.2

1.2

0.30

0.30

Gravel

2

#10

-1

5.6

6.8

1.40

1.70

Very
Coarse

1

#18

0

11.9

18.7

2.98

4.68

Coarse

0.5

#35

1

91.6

110.3

22.91

27.59

Medium

0.25

#60

2

238.1

348.4

59.55

87.14

Fine

0.125

#120

3

30.3

378.7

7.58

94.72

Very
Fine

0.0625

#230

4

20.4

399.1

5.10

99.82

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-04

≥5

0.7

399.8

0.18

100.00

Total Weight of
Sieve Fraction:
399.8 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.83%

200

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

1.4

1.4

0.35

0.35

Very
Coarse

1

#18

0

5.2

6.6

1.30

1.65

Coarse

0.5

#35

1

51.1

57.7

12.80

14.45

Medium

0.25

#60

2

268.6

326.3

67.28

81.74

Fine

0.125

#120

3

70.0

396.3

17.54

99.27

Very
Fine

0.0625

#230

4

1.9

398.2

0.48

99.75

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-24

≥5

1.0

399.2

0.25

100.00

Total Weight of
Sieve Fraction:
399.2 g

Sand

Dry Sample Weight
(before sieving):
400.2 g

Fines

Dry Weight
Percent:
99.75%

201

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.5

0.5

0.13

0.13

Coarse

0.5

#35

1

5.6

6.1

1.40

1.53

Medium

0.25

#60

2

132.8

138.9

33.22

34.75

Fine

0.125

#120

3

247.4

386.3

61.90

96.65

Very
Fine

0.0625

#230

4

12.6

398.9

3.15

99.80

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-37

≥5

0.8

399.7

0.20

100.00

Total Weight of
Sieve Fraction:
399.7 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.83%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.5

0.5

0.13

0.13

Gravel

2

#10

-1

0.7

1.2

0.18

0.30

Very
Coarse

1

#18

0

2.5

3.7

0.63

0.93

Coarse

0.5

#35

1

28.8

32.5

7.21

8.14

Medium

0.25

#60

2

187.3

219.8

46.91

55.05

Fine

0.125

#120

3

164.4

384.2

41.17

96.22

Very
Fine

0.0625

#230

4

12.6

396.8

3.16

99.37

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-39

≥5

2.5

399.3

0.63

100.00

Total Weight of
Sieve Fraction:
399.3 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.70%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.5

0.5

0.13

0.13

Coarse

0.5

#35

1

27.0

27.5

6.75

6.88

Medium

0.25

#60

2

200.0

227.5

50.01

56.89

Fine

0.125

#120

3

146.7

374.2

36.68

93.57

Very
Fine

0.0625

#230

4

22.7

396.9

5.68

99.25

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-44

≥5

3.0

399.9

0.75

100.00

Total Weight of
Sieve Fraction:
399.9 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.88%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

1.8

1.8

0.45

0.45

Gravel

2

#10

-1

2.0

3.8

0.50

0.95

Very
Coarse

1

#18

0

6.8

10.6

1.70

2.65

Coarse

0.5

#35

1

39.6

50.2

9.91

12.56

Medium

0.25

#60

2

213.3

263.5

53.37

65.92

Fine

0.125

#120

3

125.9

389.4

31.50

97.42

Very
Fine

0.0625

#230

4

8.6

398.0

2.15

99.57

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSE-51

≥5

1.7

399.7

0.43

100.00

Total Weight of
Sieve Fraction:
399.7 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.85%
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Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

5.0

5.0

1.26

1.26

Gravel

2

#10

-1

6.6

11.6

1.66

2.91

Very
Coarse

1

#18

0

7.2

18.8

1.81

4.72

Coarse

0.5

#35

1

5.0

23.8

1.26

5.98

Medium

0.25

#60

2

68.1

91.9

17.11

23.08

Fine

0.125

#120

3

212.2

304.1

53.30

76.39

Very
Fine

0.0625

#230

4

55.9

360.0

14.04

90.43

Silt

0.004

Clay

0.002

≥5

Total Weight of
Sieve Fraction:
398.1 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.45%
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36.7
1.4

396.7
398.1

9.22
0.35

100.00

phi Value
ɸ

9.57

Sieve

398.1

Particle
size (mm)

38.1

Classification

Pan

Sample #:
GM-02

99.65
100.00

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.3

0.3

0.08

0.08

Very
Coarse

1

#18

0

2.8

3.1

0.70

0.78

Coarse

0.5

#35

1

30.4

33.5

7.60

8.38

Medium

0.25

#60

2

203.9

237.4

50.98

59.35

Fine

0.125

#120

3

152.5

389.9

38.13

97.48

Very
Fine

0.0625

#230

4

9.0

398.9

2.25

99.73

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-19

≥5

1.1

400.0

0.28

100.00

Total Weight of
Sieve Fraction:
400.0 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.93%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

10.6

10.6

2.66

2.66

Gravel

2

#10

-1

7.1

17.7

1.78

4.43

Very
Coarse

1

#18

0

10.2

27.9

2.56

6.99

Coarse

0.5

#35

1

40.1

68.0

10.05

17.04

Medium

0.25

#60

2

164.7

232.7

41.27

58.31

Fine

0.125

#120

3

133.6

366.3

33.48

91.78

Very
Fine

0.0625

#230

4

24.5

390.8

6.14

97.92

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-26

≥5

8.3

399.1

2.08

100.00

Total Weight of
Sieve Fraction:
399.1 g

Sand

Dry Sample Weight
(before sieving):
400.2 g

Fines

Dry Weight
Percent:
99.73%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

1.4

1.4

0.35

0.35

Gravel

2

#10

-1

0.7

2.1

0.18

0.53

Very
Coarse

1

#18

0

2.8

4.9

0.70

1.23

Coarse

0.5

#35

1

34.6

39.5

8.65

9.88

Medium

0.25

#60

2

207.7

247.2

51.95

61.83

Fine

0.125

#120

3

141.1

388.3

35.29

97.12

Very
Fine

0.0625

#230

4

10.6

398.9

2.65

99.77

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-31

≥5

0.9

399.8

0.23

100.00

Total Weight of
Sieve Fraction:
399.8 g

Sand

Dry Sample Weight
(before sieving):
400.2 g

Fines

Dry Weight
Percent:
99.90%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.4

0.4

0.10

0.10

Gravel

2

#10

-1

0.3

0.7

0.08

0.18

Very
Coarse

1

#18

0

1.2

1.9

0.30

0.48

Coarse

0.5

#35

1

20.5

22.4

5.13

5.60

Medium

0.25

#60

2

267.6

290.0

66.92

72.52

Fine

0.125

#120

3

97.6

387.6

24.41

96.92

Very
Fine

0.0625

#230

4

10.7

398.3

2.68

99.60

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-37

≥5

1.6

399.9

0.40

100.00

Total Weight of
Sieve Fraction:
399.9 g

Sand

Dry Sample Weight
(before sieving):
400.2 g

Fines

Dry Weight
Percent:
99.93%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

3.2

3.2

0.80

0.80

Gravel

2

#10

-1

3.0

6.2

0.75

1.55

Very
Coarse

1

#18

0

11.9

18.1

2.98

4.53

Coarse

0.5

#35

1

88.2

106.3

22.07

26.59

Medium

0.25

#60

2

224.1

330.4

56.07

82.66

Fine

0.125

#120

3

65.0

395.4

16.26

98.92

Very
Fine

0.0625

#230

4

3.5

398.9

0.88

99.80

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-42

≥5

0.8

399.7

0.20

100.00

Total Weight of
Sieve Fraction:
399.7 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.83%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

1.2

1.2

0.30

0.30

Gravel

2

#10

-1

2.3

3.5

0.57

0.87

Very
Coarse

1

#18

0

29.9

33.4

7.47

8.35

Coarse

0.5

#35

1

51.6

85.0

12.89

21.24

Medium

0.25

#60

2

168.0

253.0

41.98

63.22

Fine

0.125

#120

3

125.1

378.1

31.26

94.48

Very
Fine

0.0625

#230

4

18.3

396.4

4.57

99.05

Silt

0.004

Clay

0.002

Pan

Sample #:
ASPSW-56

≥5

3.8

400.2

0.95

100.00

Total Weight of
Sieve Fraction:
400.2 g

Sand

Dry Sample Weight
(before sieving):
400.7 g

Fines

Dry Weight
Percent:
99.88%

212

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

8.5

8.5

2.13

2.13

Gravel

2

#10

-1

17.2

25.7

4.30

6.43

Very
Coarse

1

#18

0

31.8

57.5

7.95

14.38

Coarse

0.5

#35

1

88.3

145.8

22.08

36.46

Medium

0.25

#60

2

206.8

352.6

51.71

88.17

Fine

0.125

#120

3

44.7

397.3

11.18

99.35

Very
Fine

0.0625

#230

4

1.9

399.2

0.48

99.82

Silt

0.004

Clay

0.002

Pan

Sample #:
TL-07

≥5

0.7

399.9

0.18

100.00

Total Weight of
Sieve Fraction:
399.9 g

Sand

Dry Sample Weight
(before sieving):
400.6 g

Fines

Dry Weight
Percent:
99.83%

213

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

3.0

3.0

0.75

0.75

Gravel

2

#10

-1

4.8

7.8

1.20

1.95

Very
Coarse

1

#18

0

17.8

25.6

4.45

6.40

Coarse

0.5

#35

1

119.5

145.1

29.88

36.28

Medium

0.25

#60

2

207.8

352.9

51.95

88.23

Fine

0.125

#120

3

44.5

397.4

11.13

99.35

Very
Fine

0.0625

#230

4

2.0

399.4

0.50

99.85

Silt

0.004

Clay

0.002

Pan

Sample #:
TL-16

≥5

0.6

400.0

0.15

100.00

Total Weight of
Sieve Fraction:
400.0 g

Sand

Dry Sample Weight
(before sieving):
400.3 g

Fines

Dry Weight
Percent:
99.93%

214

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.2

0.2

0.05

0.05

Very
Coarse

1

#18

0

0.9

1.1

0.22

0.27

Coarse

0.5

#35

1

7.9

9.0

1.97

2.25

Medium

0.25

#60

2

151.7

160.7

37.92

40.16

Fine

0.125

#120

3

213.6

374.3

53.39

93.55

Very
Fine

0.0625

#230

4

23.2

397.5

5.80

99.35

Silt

0.004

Clay

0.002

Pan

Sample #:
TL-24

≥5

2.6

400.1

0.65

100.00

Total Weight of
Sieve Fraction:
400.1 g

Sand

Dry Sample Weight
(before sieving):
400.7 g

Fines

Dry Weight
Percent:
99.85%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

2.9

2.9

0.72

0.72

Gravel

2

#10

-1

4.2

7.1

1.05

1.77

Very
Coarse

1

#18

0

15.0

22.1

3.75

5.52

Coarse

0.5

#35

1

37.8

59.9

9.45

14.97

Medium

0.25

#60

2

236.8

296.7

59.19

74.16

Fine

0.125

#120

3

97.5

394.2

24.37

98.53

Very
Fine

0.0625

#230

4

5.0

399.2

1.25

99.78

Silt

0.004

Clay

0.002

Pan

Sample #:
TL-45

≥5

0.9

400.1

0.22

100.00

Total Weight of
Sieve Fraction:
400.1 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.90%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.0

0.0

0.00

0.00

Coarse

0.5

#35

1

2.1

2.1

0.52

0.52

Medium

0.25

#60

2

131.6

133.7

32.88

33.41

Fine

0.125

#120

3

248.1

381.8

61.99

95.4

Very
Fine

0.0625

#230

4

17.8

399.6

4.45

99.85

Silt

0.004

Clay

0.002

Pan

Sample #:
GSL-11

≥5

0.6

400.2

0.15

100.00

Total Weight of
Sieve Fraction:
400.2 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.93%

217

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.0

0.0

0.00

0.00

Coarse

0.5

#35

1

0.5

0.5

0.13

0.13

Medium

0.25

#60

2

24.0

24.5

6.00

6.13

Fine

0.125

#120

3

204.2

228.7

51.08

57.20

Very
Fine

0.0625

#230

4

139.6

368.3

34.92

92.12

Silt

0.004

Clay

0.002

≥5

Total Weight of
Sieve Fraction:
399.8 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.85%
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31.2
0.3

399.5
399.8

7.80
0.08

100.00

phi Value
ɸ

7.88

Sieve

399.8

Particle
size (mm)

31.5

Classification

Pan

Sample #:
GSL-13

99.92
100.00

Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.0

0.0

0.00

0.00

Coarse

0.5

#35

1

10.8

10.8

2.70

2.70

Medium

0.25

#60

2

330.9

341.7

82.64

85.34

Fine

0.125

#120

3

58.3

400.0

14.56

99.90

Very
Fine

0.0625

#230

4

0.3

400.3

0.07

99.98

Silt

0.004

Clay

0.002

Pan

Sample #:
ASP-08

≥5

0.1

400.4

0.02

100.00

Total Weight of
Sieve Fraction:
400.4 g

Sand

Dry Sample Weight
(before sieving):
400.5 g

Fines

Dry Weight
Percent:
99.98%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.4

0.4

0.10

0.10

Gravel

2

#10

-1

2.3

2.7

0.58

0.68

Very
Coarse

1

#18

0

5.9

8.6

1.48

2.15

Coarse

0.5

#35

1

20.5

29.1

5.13

7.28

Medium

0.25

#60

2

324.4

353.5

81.12

88.40

Fine

0.125

#120

3

46.0

399.5

11.50

99.90

Very
Fine

0.0625

#230

4

0.3

399.8

0.08

99.97

Silt

0.004

Clay

0.002

Pan

Sample #:
GM-18

≥5

0.1

399.9

0.03

100.00

Total Weight of
Sieve Fraction:
399.9 g

Sand

Dry Sample Weight
(before sieving):
400.4 g

Fines

Dry Weight
Percent:
99.88%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

1.4

1.4

0.35

0.35

Coarse

0.5

#35

1

38.3

39.7

9.57

9.92

Medium

0.25

#60

2

317.5

357.2

79.30

89.21

Fine

0.125

#120

3

42.1

399.3

10.51

99.73

Very
Fine

0.0625

#230

4

0.8

400.1

0.20

99.93

Silt

0.004

Clay

0.002

Pan

Sample #:
GM-23

≥5

0.3

400.4

0.07

100.00

Total Weight of
Sieve Fraction:
400.4 g

Sand

Dry Sample Weight
(before sieving):
400.7 g

Fines

Dry Weight
Percent:
99.93%
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Classification

Particle
size (mm)

Sieve

phi Value
ɸ

Weight
Retained (g)

Cumulative
Weight (g)

Weight
Percent (%)

Cumulative Weight
Percent (%)

Pebbles

4

#5

-2

0.0

0.0

0.00

0.00

Gravel

2

#10

-1

0.0

0.0

0.00

0.00

Very
Coarse

1

#18

0

0.0

0.0

0.00

0.00

Coarse

0.5

#35

1

15.2

15.2

5.13

5.13

Medium

0.25

#60

2

235.6

250.8

79.46

84.59

Fine

0.125

#120

3

45.5

296.3

15.35

99.93

Very
Fine

0.0625

#230

4

0.2

296.5

0.07

100.00

Silt

0.004

Clay

0.002

Pan

Sample #:
IT-32

≥5

0.00

296.5

0.00

100.00

Total Weight of
Sieve Fraction:
296.5 g

Sand

Dry Sample Weight
(before sieving):
296.8 g

Fines

Dry Weight
Percent:
99.90%
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PLATE 1
Surficial Geology Map of Pictured Rocks National Lakeshore
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Surficial Geology of Pictured Rocks National Lakeshore, Michigan -

Description of Map Units
Holocene

Pleistocene

Qd

Diamicton Ridge. Thin, discontinuous linear ridges of non-stratified sediment (till) composed of loose, fine to medium sand matrix often containing mostly granite and sandstone gravel, cobbles,
and/or boulders. Matrix is typically dark brown in color with orange or red hues containing variable amounts of silt and clay (typically less than 15% by weight). Ridges may represent small push
moraines that were later segmented by glaciofluvial deposition. Segments are commonly less than 10 m (33 ft) tall (low-relief), often less than 0.5 km (0.3 mi) long, and oriented approximately
NE-SW.

Western Michigan University - Michigan Geological Survey, 2017
Sarah M. VanderMeer

}

Qkt1 Kame Terrace. Outwash surface has an approximate elevation range between 270-285 m AMSL.

Qkt1-6 Kame Terrace. Bedded, fine to coarse, quartz-rich sand (outwash) deposited as
a series of flat, step-like surfaces north of the crests of the Grand Marais and Munising
outwash fans (Qg and Qm). Sand matrix is typically light to medium tan in color, contains
small amounts of silt and clay (typically less than 5% by weight), and may contain mostly
granite and sandstone gravel and/or cobbles. Kame terraces generally display smooth
topography with interspersed areas of pitted (kettled) terrain. All surfaces gently slope
towards the east and formed as meltwater was routed eastward between the former
glacial ice margin to the north and the crests (heads of outwash) of the Munising and
Grand Marais fans to the south.

Qkt2 Kame Terrace. Outwash surface has an approximate elevation range between 255-265 m AMSL.
Qkt3 Kame Terrace. Outwash surface has an approximate elevation range between 240-250 m AMSL.
Qkt4 Kame Terrace. Outwash surface has an approximate elevation range between 220-235 m AMSL.
Qkt5 Kame Terrace. Outwash surface has an approximate elevation range between 205-215 m AMSL.
Qkt6 Kame Terrace. Outwash surface has an approximate elevation range between 190-200 m AMSL.
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The Munising and Grand Marais outwash fan complexes (Qm and Qg) are among the most prominent glacial landforms in the region that flank the southern
Pictured Rocks boundary. The crests of the Munising and Grand Marais outwash fan complexes represent ice margin positions where the LIS paused for a
significant period of time and deposited large, southward-grading fans from meltwater exiting the glacial system. These outwash fan complexes were originally
classified as a single landform and interpreted as a moraine, termed the Munising moraine (Leverett, 1911; 1929; Bergquist, 1936; Martin, 1957). More recent
studies, however, have indicated that this nearly continuous upland is composed of two landforms, often termed the Munising and Grand Marais moraines, that
were deposited at separate times when the LIS margin paused at this common position (Drexler et al., 1983; Blewett, 1994; Blewett et al., 2014). The Munising
and Grand Marais “moraines” have been reinterpreted as heads of outwash with a series of associated outwash fans resulting from a stagnant ice margin
(Blewett and Rieck, 1987), though are still often referred to as “moraines” due to the well-established nomenclature, despite outdated glacial connotation. Thus,
map units for the Munising and Grand Marais outwash fan complexes (Qm and Qg) refer to the sediments of the Munising and Grand Marais “moraines.”
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Cross-cutting relationships between the Munising and Grand Marais outwash and the configuration of each of their southern fan limits indicate that Munising
outwash is older than Grand Marais outwash. Munising outwash fans likely graded into former Lake Algonquin (Blewett et al., 2014), which was a large proglacial
lake that filled the Lake Michigan and Huron basins and inundated much of the eastern Upper Peninsula and northern tip of the Lower Peninsula approximately
13 ka (e.g. Larsen, 1987). The southern edge of this fan complex displays a clear terminus in the quadrangles directly south of the Au Sable Point SE and SW
quadrangles (Sunken Lake and Driggs Lake, not mapped) as outwash sediments were abruptly deposited upon entering Lake Algonquin (Blewett et al., 2014).
Munising outwash fans display hummocky topography and generally lie at higher elevations than the younger Grand Marais outwash fans.
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Western Michigan University, the Michigan Geological Survey, and the State of Michigan make no guarantee, expressed or implied, regarding the correctness of the interpretations
presented in this document and accept no liability for the consequences of decisions made by others based on the information presented here. The geologic interpretations are
based on data that may vary with respect to accuracy of geographic location, the type and quantity of data available at each location, and the scientific and technical qualifications
of the data sources. Maps in this document are not meant to be enlarged.
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MAP PREPARATION PROCEDURES
This map was produced by integrating extensive field investigations of surficial materials with several additional datasets, including digital elevation models
(DEMs), aerial imagery, a soil survey of Alger County (Schwenner, 2013), and existing geologic maps, reports, and geologic literature of the area. Field studies
consisted of sediment observation and classification in natural exposures, road and stream cuts, construction or sand/gravel pit excavations, shallow handaugured borings, and small pits dug by the investigators. Depth of investigation was generally around 1.5 m (5 ft) except in areas of greater exposure, like deep
road cuts and sand/gravel pits. Sediment samples (372 total) were classified throughout the mapped area. Additionally, 347 non-invasive passive seismic surveys
were conducted within and adjacent to the mapped area to provide regional subsurface information concerning the thickness and extent of surficial geologic units.
The Michigan Department of Environmental Quality Wellogic and historical scanned water-well log databases were viewed to confirm plausibility of sediment
thickness estimates. The DEM and associated hillshade used during digital cartography was created from LiDAR data of Alger County with 0.6 m (2 ft) resolution.
This high-resolution elevation data was proven especially valuable to differentiate outwash units and to locate and interpret subtle features, such as diamicton
ridges (Qd) and several eskers (Qe), which would otherwise have remained unrecognized. Due to heavy vegetative cover and poor exposures, map contacts are
approximate and inferred (other than lake boundaries, which are certain).
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Partial support for field work and map preparation was provided by the United States Geological Survey National Cooperative Geologic Mapping Program EDMAP award no.
G15AC00158 (2015) and the National Park Service Geoscientists-in-the-Park (GIP) program in partnership with AmeriCorps, the Conservation Legacy Environmental Stewards
program, and the Geological Society of America (2016-2017).

Holocene sand accumulated along the shoreline as water levels dropped from Lake Nipissing to present day levels. Twelvemile beach is a stretch of Holocene
sand (Qb) along Lake Superior in the Trappers Lake, Au Sable Point SW, and Au Sable Point quadrangles that connects the bedrock cliffs in the west (mainly
Munising and Au Train Formations) to the wave-cut bedrock platform exposed at Au Sable Point (Jacobsville Formation). The Grand Sable Dunes (photo 3) are a
perched dune system along the Lake Superior coast in the Grand Sable Lake quadrangle that rise almost 122 m (400 ft) above the current water level of Lake
Superior. The Grand Sable Banks consist of the northern bluff of the highest kame terrace (Qkt1), and transitions to Qkt5 in the east. Photo 4 shows the
approximately easterly-dipping crossbedding that is present in the Qkt1 outwash on the Grand Sable Banks, reflecting previous meltwater flow direction during
kame terrace formation. Windblown sand (Qb) travels up the bluff and is deposited as part of the dune system that is “perched” on top of the much larger glacial
landform. The bluff is destabilized during periods of higher Lake Superior water levels (present day conditions), which allows sand movement upslope and
promotes dune building (Farrell and Hughes, 1985; Anderton and Loope, 1995; Loope et al., 2004). Lower water levels allow for bluff stabilization; therefore,
active dune building ends during these periods.

La

Qp

Qs

Following deglaciation, water levels in Lake Superior varied due to fluctuating outlet elevations and climate conditions. Lake Nipissing occupied the Upper Great
Lakes basins (Lakes Superior, Michigan, and Huron) approximately 5 ka (e.g. Larson and Schaetzl, 2001). Lake Nipissing closely mimicked the present Upper
Great Lakes shorelines with water levels several meters higher than current levels. In the Pictured Rocks region, the Nipissing shoreline is viewed approximately
12 m (40 ft) above Lake Superior (Blewett, 2012).
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MN
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Meltwater kame terraces (Qkt1-6 in the eastern quadrangles) likely developed as the LIS retreated from the Upper Peninsula for the final time following the
Marquette glacial phase (Blewett, 1994). After the Grand Marais outwash fans were deposited from meltwater flowing southward from the ice margin, the LIS
retreated northward exposing areas of lower elevations. Meltwater was then routed eastward following the lowest exposed elevations, constrained between the
LIS margin to the north and the crests of the Grand Marais and Munising outwash fans to the south. Continued exposure of lower-elevation areas during
deglaciation led to step-like surfaces, and incisions developed within several terraces.

Blewett, W.L., 2012, Geology and Landscape of Michigan’s Pictured Rocks National Lakeshore and Vicinity: Wayne State
University Press, Detroit.

All map data reprojected to Michigan GeoRef, North American Datum of 1983 (NAD83).
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Au Sable Point

Geology based on field work by Sarah VanderMeer of Western Michigan University, assisted by El Hachemi Bouali of Michigan Technological University, in 2015-2016. Map
compilation and digital cartography by Sarah VanderMeer following standard mapping procedures of the Michigan Geological Survey. Quadrangles were mapped at a 1:24,000scale, but are presented in this document at a 1:50,000-scale to accommodate common poster printing dimensions.
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The Grand Marais outwash fan complex is typically associated with LIS retreat following the Marquette glacial phase approximately 11 ka (e.g. Blewett et al.,
2014). These fans display smooth topography interspersed with areas of pitted (kettled) terrain and cross-cut Munising outwash fans. Grand Marais fans lack a
distinct southern terminus south of the mapped area, and instead show gentle southern gradation across much of the width of the Upper Peninsula to the
northern Lake Michigan shore. Both the Munising and Grand Marais fan complexes are cross-cut by glacial meltwater sluiceways (Qs) that carried meltwater
southward from the ice margin (Hughes, 1989; Blewett, 2012). As meltwater exited the glacial system, approximately N-S oriented channels were carved, and
outwash sediments were deposited in these sluiceways.

Photo 4 (bottom right). Crossbeds
within the highest meltwater kame
terrace (Qkt1) observed along the Grand
Sable Banks (Grand Sable Lake
quadrangle; "Regional Elevation and
Quadrangles" reference map). Penny
outlined for scale. Medium to coarse
sand with beds dipping eastward,
reflecting previous meltwater flow
direction in this area. Photo by Sarah
VanderMeer.
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Photo 3 (bottom left). A view of the
Grand Sable Banks (Qkt1 pictured, and
Qkt5 further east) and Dunes (Qb) along
Lake Superior in the Grand Sable Lake
quadrangle ("Regional Elevation and
Quadrangles" reference map). The
northern bluff of the highest meltwater
kame terrace (Qkt1) constructs the
majority of the Grand Sable Banks, and
the Grand Sable Dunes consist of an
accumulation of windblown sand on top
of the kame terrace surfaces (Qkt1 and
Qkt5). Photo by Sarah VanderMeer.
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Photo 2 (top right). Deformation in the
northern pit in the stacked push moraine
(Qpm) within the Indian Town quadrangle
("Regional Elevation and Quadrangles"
reference map). Deformed bedding and
folds dip to the southeast. This feature
developed sequentially as short-term
oscillations of a former glacial margin
pushed preexisting sediment (outwash)
into this mound of deformed bedded
sand. Sarah VanderMeer (5.5 ft tall)
pictured for scale. Photo by Alan Kehew.
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Photo 1 (top left). A bedrock cliff
exposure (C), “Indian Head Point,” along
Lake Superior in the Grand Portal Point
quadrangle ("Regional Elevation and
Quadrangles" reference map). Bedrock
in the Pictured Rocks region is mainly
characterized various types of sandstone
separated into three main units: the
Jacobsville Formation, the Munising
Formation, and the Au Train Formation.
Most of the exposed bedrock cliffs are
composed of the Munising Formation.
Photo by Sarah VanderMeer.

Photo 1

Textural analysis was performed on 36 sediment samples (out of the 372), taken from a variety of landforms, in an attempt to detect any sedimentological
signatures unique to individual map units (especially among the various outwash units). Samples were processed using dry sieving methods (e.g. American
Society for Testing and Materials, 1970) with a seven-sieve stack plus bottom pan to collect fines (silt and clay). All samples yielded either medium or fine sand
(0.250 mm and 0.125 mm particle diameter, respectively) composing the largest percentage of sample weight. The percentage of fines within all but five samples
were under 3% by weight. Undifferentiated thin sediment above bedrock (Qts) and diamicton ridges (Qd) typically yielded the highest percentages of fines,
ranging between 6-13% by weight. Weight percentages of fines selected to describe map units were estimated from textural analysis results plus general field
observations of sediment. No sedimentological patterns of various outwash units were detected from textural analysis results.
Eskers (Qe), drumlins (Qdr), and a stacked push moraine (Qpm; photo 2) located in the western quadrangles all indicate that former ice-flow direction was toward
the southeast in this area. The stacked push moraine is interpreted to have developed as a seasonally-oscillating ice margin sequentially shoved several single
push moraines (composed of preexisting stratified outwash) on top of one another. Bedding is folded and dips in the direction of ice advance (southeast). Subtle
diamicton ridges also occur in the western quadrangles. These features may represent small, single push moraines and apparently trace former ice margin
positions that connect to previously established positions along the crest of the Grand Marais and Munising outwash fan complexes (Qm and Qg) in the eastern
quadrangles.
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Cambro-Ordovician Bedrock. Surface bedrock exposures of sandstone, dolomitic sandstone, or limestone of the Munising (Late Cambrian) and Au Train (Early Ordovician) Formations.
Occasional outcrops of the Jacobsville Formation (late Precambrian) may also be present. Exposed bedrock slopes may be overlain with thin colluvium.
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Drumlin. Isolated, elliptical ridge composed of non-stratified sediment (till) with fine sand matrix that often contains mostly granite and sandstone gravel and cobbles. Matrix is typically dark
brown in color with orange or red hues containing variable amounts of silt and clay (typically less than 15% by weight). May contain granite and sandstone boulders on the surface. Drumlins are
oriented NW-SE, outlined by bearing symbol, and geometry indicates former ice flow direction was to the southeast.
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Esker. Isolated, sinuous ridge composed of stratified, fine to coarse sand that was deposited in a former subglacial or ice-walled meltwater tunnel oriented perpendicular to the former ice
margin. Matrix contains small amounts of silt and clay (typically less than 5% by weight) and may contain gravel. Most eskers throughout the mapped area are oriented approximately NW-SE
and vary in size. Chevron symbols point in the direction of meltwater transport (ranging from southward to eastward), and some eskers display an associated fan at the terminal end.

Qdr

The western quadrangles (Indian Town, Melstrand, Wood Island SE, and Grand Portal Point) are characterized by thin accumulations of undifferentiated
sediments overlying shallow bedrock, averaging approximately 5 m or less (“Sediment Thickness” map). Exceptions to this pattern include areas of glacial
outwash deposits (Qsg, Qg, and Qs) where sediment accumulations are greater. Eastern quadrangles (Trappers Lake, Au Sable Point SW, Au Sable Point SE, Au
Sable Point, Grand Sable Lake, and Grand Marais) mainly include significantly thicker accumulations of quartz-rich sands, which are interpreted as different
glacial outwash units (primarily Qg, Qm, Qs, and Qkt1-6). Several clusters of low bedrock elevation data points are interpreted to be the result of linear bedrock
troughs oriented approximately N-S and buried beneath surficial sediments (“Bedrock Elevation” map). Dimensions and geometries of these troughs suggest that
they are southern extensions of offshore glacial tunnel valleys observed north of Pictured Rocks carved into the floor of eastern Lake Superior (Patterson et al.,
2003; Regis et al., 2003). Generally, tunnel valleys are interpreted to form as high-pressure, subglacial meltwater escapes the glacial system and carves overdeepened conduits into basal sediment and bedrock (e.g. Kehew et al., 2012). The large N-S valley that currently contains Miners River (Indian Town quadrangle)
is an example of a tunnel valley exposed at the surface.

KILOMETERS

Stacked Push Moraine. An isolated, elongated mound of deformed fine to coarse, quartz-rich sand and gravel with southeasterly-dipping bedding and folds. Granite and sandstone boulders
Qpm observed on the surface. This mound is approximately 1.2 km (0.75 mi) long and 30 m (100 ft) tall and contains deformed bedding. This feature may have formed as a result of short-term
oscillations of a former glacial ice margin that sequentially shoved smaller push moraines composed of pre-existing sediment (stratified outwash) southeastward.
Qe

Sediment Thickness

Intervals determined by
natural data breaks

46°40'0"N

Qm

Munising Outwash Fan Complex. Bedded, fine to coarse, quartz-rich sand (outwash) associated with the Munising outwash fan complex (often referred to as the “Munising moraine” in the
literature). Sand matrix is typically light to medium tan in color, contains small amounts of silt and clay (typically less than 5% by weight), and may contain mostly granite and sandstone gravel
and/or cobbles. Fans gently slope southward from the crest (head of outwash), which marks a former glacial ice margin position. Munising outwash fans have a clear terminus in the adjacent
quadrangles south of the Au Sable Point SE and SW quadrangles (Sunken Lake and Driggs Lake, not mapped), display hummocky kame and kettle terrain, and generally lie at higher elevations
than the Grand Marais outwash fans (Qg).

Sediment thicknesses throughout the Pictured Rocks area were estimated using the horizontal-to-vertical spectral ratio (HVSR) passive seismic technique (e.g.
Esch and Sauck, 2015) at 347 locations (“Sediment Thickness” and “Bedrock Elevation” reference maps). This technique uses a broadband instrument with 3component geophones to record ambient seismic signal for a set time (typically 10-30 minutes) at a single site. The data undergoes HVSR analysis, and the
resulting fundamental frequency value is used to estimate the depth to bedrock at each site using a calibration equation. This equation was developed by
employing the HVSR passive seismic technique at 56 locations with known bedrock depth (as reported in water-well logs) throughout the Upper Peninsula.
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Qg

Grand Marais Outwash Fan Complex. Bedded, fine to coarse, quartz-rich sand (outwash) associated with the Grand Marais outwash fan complex (often referred to as the “Grand Marais
moraine” in the literature). Sand matrix is typically light to medium tan in color, contains small amounts of silt and clay (typically less than 5% by weight), and may contain mostly granite and
sandstone gravel and/or cobbles. Fans gently slope southward from the crest (head of outwash), which marks a former glacial ice margin position. Grand Marais outwash fans lack a distinct
terminus in the adjacent quadrangles south of the Au Sable Point SE and SW quadrangles (Sunken Lake and Driggs Lake, not mapped), display smooth topography with interspersed areas of
pitted (kettled) terrain, and generally lie at lower elevations than the Munising outwash fans (Qm).

Glacial and post-glacial sediments of varying thicknesses cover most of the bedrock in the mapped area. Glacial sediments were deposited as the Laurentide Ice
Sheet (LIS) advanced and retreated through the region approximately 13-11 ka. The abundance of hummocky and kettled terrain in the mapped area suggests a
stagnant glacial margin in this region where numerous detached ice blocks were initially covered by different outwash units. These outwash sediments then
collapsed as the ice blocks melted, thereby creating the current uneven topography.
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85°55'0"W

85°57'30"W

Depth to Bedrock
(m)

Outwash (undifferentiated). Bedded, fine to coarse, quartz-rich sand and gravel (outwash) with hummocky kame and kettle terrain. Sand matrix is typically light to medium tan in color, contains
Qsg small amounts of silt and clay (typically less than 5% by weight), and may contain mostly granite and sandstone gravel and/or cobbles. Outwash appears unrelated to Grand Marais and
Munising outwash units (Qg and Qm). Sediments collapsed into the hummocky surface of variable thickness following melting of former isolated ice blocks buried beneath the outwash.

C

86°7'30"W

Meltwater Sluiceway. Bedded, fine to coarse, quartz-rich sand (outwash) contained within N-S channels of variable width. Sand matrix is typically light to medium tan in color, contains small
amounts of silt and clay (typically less than 5% by weight), and often contains mostly granite and sandstone gravel and/or cobbles. Meltwater sluiceways display smooth topography, and
sediments cross-cut Grand Marais and Munising outwash fans (Qg and Qm). Sluiceways likely formed as a result of meltwater spilling southward from the former glacial margin during
deglaciation. Channel banks are outlined with hachures pointing toward the center.

Qs

The bedrock throughout the mapped region consists of various units of sandstone, dolomitic sandstone, and limestone of the Jacobsville (late Precambrian),
Munising (Late Cambrian), and Au Train (Early Ordovician) Formations (Hamblin, 1958; Haddox and Dott, 1990; Miller et al., 2006). The Au Train Formation is
sometimes separated and classified as the Trempealeau Formation (Late Cambrian) and Prairie du Chien Group (Ordovician; e.g. Milstein, 1987). The Pictured
Rocks cliffs occur along the Lake Superior shore in the Indian Town, Wood Island SE, and Grand Portal Point quadrangles and are mainly composed of the
Munising Formation (photo 1). These steep cliffs translate into very thin bedrock polygons on the map along much of the coast and near inland waterfalls.

(590 ft)

Qts

Thin Sediment Above Bedrock. Undifferentiated glacial and/or post-glacial sediments averaging less than approximately 5 m (16 ft) thick above near-surface Precambrian or CambroOrdovician sandstone, dolomitic sandstone, or limestone bedrock of the Jacobsville, Munising, and/or Au Train Formations. Sediment matrix is often dark brown in color with orange or red hues
containing fine to medium sand and variable amounts of silt and clay (typically less than 15% by weight). Sandstone and/or granite gravel and cobbles are often present within the matrix. May
include areas of compact lodgment till with higher silt and clay content. Sandstone and/or granite boulders are often observed on the surface.

180

Peat and Muck. Isolated, poorly drained areas, depressions, or river floodplains containing partially and/or fully decomposed organic material. May be underlain by sand and/or gravel.

273

Qp

Indian Town, Melstrand, Wood Island SE, Grand Portal Point, Trappers Lake, Au Sable Point SW,
Au Sable Point SE, Au Sable Point, Grand Sable Lake, and Grand Marais 7.5-Minute Quadrangles

365

Beach Sand. Well-sorted, fine to medium quartz sand, currently or recently active along and near present shorelines. Sand is overall light buff or tan in color. Some areas contain abundant
accumulations of well-rounded gravel, pebbles, and/or cobbles composed of granite, sandstone, and other igneous and metamorphic rocks. Includes dunes and beach ridges.

(1200 ft)

Qb

DISCUSSION
Pictured Rocks National Lakeshore consists of approximately 69 km (43 mi) of scenic coastline along the southern shore of Lake Superior in the Upper Peninsula
of Michigan. The park is about 300 km 2 (114 mi 2) and is almost fully incorporated within the ten 7.5-minute quadrangles presented in this map, which covers
approximately 1,330 km2 (513 mi2). Pictured Rocks earns its name from the colorfully stained sandstone cliffs that average approximately 30 m (100 ft) above
Lake Superior (photo 1) in the Indian Town, Wood Island SE, and Grand Portal Point quadrangles (“Regional Elevation and Quadrangles” reference map). The
Pictured Rocks region consists of a high-relief landscape. Elevations throughout the mapped area range between approximately 184 m (600 ft) above mean sea
level (AMSL) along the low sandy beaches of the Lake Superior coastline, to approximately 340 m (1,100 ft) AMSL along parts of the Munising outwash fan
complex (Qm) in the Au Sable Point SE and SW quadrangles. The Grand Sable Dunes (Qb in the Grand Sable Lake quadrangle) are located approximately 280300 m (920-985 ft) AMSL along the Lake Superior shoreline and are among the highest elevations within Pictured Rocks. Only 150 m (500 ft) inland from the
shoreline, the bluff itself (the Grand Sable Banks) represents the most dramatic relief in the area, rising almost 120 m (400 ft) above Lake Superior.
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